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“It is not so much for its beauty that the forest makes a claim upon men's hearts, as 
for that subtle something, that quality of air that emanation from old trees, that so 
wonderfully changes and renews a weary spirit.”  
 






The decomposition of plant litter has been described as the second most important 
ecosystem function for sustaining life on earth, after primary productivity. Whereas 
photosynthesis provides the energy input for most food chains, decomposition 
recycles nutrients for future use by other organisms and returns photosynthetically 
fixed carbon back to the atmosphere. In the context of climate change, litter 
decomposition is of specific interest because it represents one of the largest sources 
of CO2 to the atmosphere globally. Rates of litter decomposition are largely 
determined by three factors: climatic variables, the structure of the decomposer 
community, and the chemical and physical properties of the litter. The structure of 
the host plant community under which decomposition takes place and from which 
the litter is derived can influence all three of these factors. Therefore, any systematic 
changes in plant community structure could affect future decomposition rates and 
significantly alter global carbon dynamics. Despite this, the host plant community is 
rarely considered in litter decomposition studies. Experiments often remove litter 
from its natural decomposition environment, instead measuring decomposition of 
litter in common garden settings and laboratory microcosms to control for 
unwanted variation in soil properties. In this thesis I investigate the effect of several 
functional properties of the host plant community on rates of litter decomposition 
and its contribution to soil respiration. Using an experimental tree plantation that 
manipulates tree community structure, I test the effect of tree functional identity, 
species and functional diversity, and tree-decomposer interactions on these 
ecosystem processes. Both litter decomposition and soil respiration were related to 
plant functional properties. Litter decomposition was best predicted by average-
values of litter functional traits and was poorly related to species diversity. The 
number of species in a litter mixture does not seem to be important for 
decomposition, as interactions between litter types were idiosyncratic. However 
increasing the functional diversity both of mixed-species litter and of the host tree 
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community accelerated rates of litter decomposition and soil respiration. Early 
stages of surface litter decomposition were only marginally affected by plant 
diversity. In contrast, diversity was the best predictor of soil respiration, which 
includes latter stages of litter and soil organic matter decomposition. Furthermore, I 
found that specific repeated litter input to the soil can result in conditions that 
favour the decomposition of the long-term litter type and can mediate the effect of 
tree diversity on decomposition. I attribute this effect to feedbacks between the 
litter and soil decomposer organisms. This research provides insight into the effect 
of changing forest community structure on decomposition processes. Such an 
understanding is necessary to predict future rates of litter decomposition and global 
carbon dynamics. 
 
Key words: litter decomposition, soil respiration, biodiversity-ecosystem 
functioning, community-weighted means, mass-ratio hypothesis, functional 





La décomposition des litières végétales a été décrite comme étant la deuxième plus 
importante fonction écosystémique sur Terre, après la productivité primaire. Alors 
que la photosynthèse fournit les apports énergétiques à la plupart des chaînes 
alimentaires, la décomposition recycle les nutriments, permet leur utilisation future 
par d’autres organismes et relargue dans l’atmosphère le carbone fixé 
photosynthétiquement. Dans un contexte de changement climatique, un grand 
intérêt est porté sur la décomposition des litières car il s’agit, { l’échelle globale, une 
de la plus grande source d’émission de CO2 dans l’atmosphère. Les taux de 
décomposition des litières sont principalement déterminés par trois facteurs: les 
variables climatiques, la structure des communautés de décomposeurs et les 
propriétés chimiques et physiques de la litière. La structure de la communauté 
végétale hôte dans laquelle se produit la décomposition et d’où provient la litière, 
peut influencer l’ensemble de ces trois facteurs. Des changements dans la structure 
de la communauté végétale pourraient donc affecter les futurs taux de 
décomposition et modifier significativement les dynamiques globales du carbone. 
Malgré cela, la communauté hôte est rarement prise en compte dans les études sur 
la décomposition des litières. Des expériences souvent enlèvent la litière de son 
environment naturel de decomposition, mesurant la décomposition des litières à 
partir de monolithes ou de microcosmes en laboratoire, afin de contrôler les 
variations indésirables des propriétés du sol. Dans ce mémoire, j’étudie les effets de 
plusieurs propriétés fonctionnelles de la communauté végétale hôte, sur les taux de 
décomposition des litières et leur contribution à la respiration du sol. En utilisant 
une plantation expérimentale d’arbres qui permet de manipuler la structure de leur 
communauté, je teste l’effet de l’identité fonctionnelle des arbres, des espèces et de 
la diversité fonctionnelle, ainsi que des interactions entre décomposeurs et arbres 
sur ces processus écosystémiques. La décomposition des litières et la respiration du 
sol sont liées aux propriétés fonctionnelles des plantes. La décomposition des 
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litières est bien prédite par les valeurs moyennes de traits fonctionnels des litières, 
mais plus faiblement corrélées { la diversité spécifique. D’après mes résultats, le 
nombre d’espèces en mélange de litières ne constitue pas un facteur important pour 
la décomposition, à cause des interactions globalement idiosyncratiques entre types 
de litières. Cependant, l’augmentation conjointe de la diversité fonctionnelle des 
mélanges d’espèces en litières et de la communauté d’arbres hôtes accélère les taux 
de décomposition et la respiration du sol. Les premières phases de décomposition 
de litières en surface ne sont que faiblement affectés par la diversité des plantes, 
alors que pour la respiration du sol, qui prend en compte les dernières phases de 
décomposition de litière et de matière organique du sol, la diversité est la propriété 
fonctionnelle de plantes qui fournit le meilleur pouvoir de prédiction. De plus, j’ai 
trouvé que les apports spécifiques de litières à long-terme pouvaient créer des 
conditions qui favorisent la decomposition des litières native et pouvaient modifier 
l’effet de la diversité des arbres sur la décomposition. J’attribue cet effet aux 
rétroactions entre la litière et les organismes décomposeurs du sol. Ce travail de 
recherche fournit une nouvelle perspective sur les effets des changements de 
structure de communauté forestière sur les processus de décomposition. La 
compréhension de ces effets est nécessaire pour prédire les taux de décomposition 
de litières et les dynamiques globales du carbone.  
 
Mots-clés: décomposition de la litière, respiration du sol, fonctionnement des 
écosystèmes et biodiversité, traits agrégés de communauté, hypothèse du biomass-
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CHAPTER I : 
 GENERAL INTRODUCTION 
 
 
1.1 Global change and the carbon cycle  
 
The increase in the concentration of Carbon Dioxide (CO2) in the atmosphere since 
the early 19th century reflects the balance between the release of CO2 by human 
activity and the uptake of CO2 by terrestrial and marine ecosystems which absorb 
roughly half of this anthropogenic CO2 (IPCC 2007). As human carbon emissions are 
predicted to increase and the ability of ecosystems to absorb carbon to decline, 
atmospheric CO2 is expected to double within the next century having profound 
impacts on global climate (IPCC 2007). This, coupled with changes in land-use, 
(namely deforestation and the cultivation of land for agriculture), nutrient 
application to agricultural systems and biological invasions constitute the major 
anthropogenic drivers of contemporary and likely future global environmental 
change (Nelson et al. 2006). 
  
One of the central goals of ecology is to predict how these changes may influence 
ecosystem processes and functioning that ultimately create and sustain the 
conditions for life. Biogeochemical cycling of carbon is a fundamental ecosystem 
process that describes the flow of carbon, which makes up half of the dry mass of all 
living things, throughout the biosphere, atmosphere and lithosphere. The carbon 
cycle consists of two parts: (i) a series of stocks or pools where carbon resides for a 
period of time, and (ii) the fluxes of carbon recycled between these stocks. The 
major carbon stocks active in the global carbon cycle include soils, plant biomass, 
the atmosphere and the ocean (Figure 1). When the efflux of carbon out of a stock is 
larger than the influx, the stock is called a carbon source, whereas if the converse is 
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true, the stock is called a sink. As well as regulating global climate through the 
mediation of the fluxes of carbon to and from the atmosphere, the carbon cycle 




Figure 1. The global carbon cycle as shown as stocks and fluxes. Arrows represent 
fluxes and boxes represent stocks (reservoirs). Black arrows and numbers: pre-
industrial values, red arrows and numbers: human caused changes. From the IPCC 4th 
assessment report, (IPCC 2007). 
 
1.1.1 The soil carbon balance 
 
Global environmental change will likely have profound impacts on the flux rates of 
carbon between different stocks in the carbon cycle, which may act as a positive 
feedback loop, further increasing atmospheric CO2, or as a negative feedback loop, 
offsetting the increase in anthropogenic CO2 emissions. Soil organic matter 
represents more than 80% of carbon active in the carbon cycle, the largest carbon 
reservoir on a global scale (Schlesinger and Andrews 2000) and soil processes thus 
have an astounding potential to influence global carbon dynamics. The large carbon 
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storage capacity of soils suggest a potential “function” for soils to dampen the effects 
of rising atmospheric CO2 concentrations. This organic carbon is stored in soil in the 
form of soil micro-organisms including bacteria and fungi, decaying material from 
once-living plant and animal tissues, fecal material, and products formed from their 
decomposition. Ultimately, soil carbon storage is determined by the balance of 
carbon input to the soil-vegetation stock via plant photosynthesis (or gross primary 
production) and carbon output via plant respiration, soil respiration (resulting from 
the decomposition of organic matter,) and the burning, volatilization and leaching of 
organic compounds (Amundson 2001). In terms of carbon, net primary production 
represents the total fixation of atmospheric CO2 into plant biomass minus plant 
respiration which returns a portion of this fixed carbon back to the atmosphere. Of 
the remaining organic carbon fixed in living plant tissue, the vast majority escapes 
herbivory and enters the soil system either by the input of plant litter, or by direct 
carbon transfer from roots to symbiotic microbes. Decomposition of plant material 
by soil microbes results in a loss of carbon from the soil in the form of CO2 due to 
microbial respiration, while a small portion of the carbon is retained in the soil 
through the formation of humus. The soil carbon stock is then essentially the 
balance of two major processes: the influx of carbon via net primary productivity 
and the efflux of carbon via organic matter decomposition. 
 
 It is estimated that current carbon inputs to the global soil carbon pool through net 
primary productivity are greater than losses through decomposition resulting in a 
soil carbon sink (Schlesinger and Andrews 2000). However, as these two ecosystem 
processes respond to global environmental changes, it is unknown if soil will 
continue to store carbon at the same rate it does today. Given the strong 
temperature dependence of both plant productivity and decomposition, likely the 
most profound impact of global environmental change on the soil carbon balance 
after land-use change will be felt through increased temperature. Although rates of 
both production and decomposition are expected to increase in response to an 
increase in temperature, decomposition is predicted to respond more strongly, and 
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thus soil could become a net source of atmospheric CO2 (Lützow and Kögel-Knabner 
2009).  
 
To better understand the relative roles of net primary productivity and organic 
matter decomposition in the carbon cycle, one must consider the effect of 
decomposition on soil nutrient availability and thus on plant growth. Rates of 
organic matter decomposition are often tightly coupled with net primary 
productivity such that these two processes co-vary over different systems (Swift et 
al. 1979, Johansson 1994). Both respond in similar ways to a variety of biotic and 
abiotic factors. For example, both processes generally increase with temperature 
and soil moisture content (until an optimum,) and plant species with traits that are 
linked to rapid plant growth and high net primary productivity, such as high leaf 
nitrogen content and a large specific leaf area, are the same plants that produce 
easily decomposable litter that recycle nutrients quickly back to the soil. The 
primary mechanism that couples net primary production and decomposition is the 
coupling of the carbon and the nitrogen cycles. Because in terrestrial systems net 
primary productivity is constrained by nitrogen availability, increases in carbon 
uptake and growth for primary producers are constrained by the amount of plant-
available nitrogen that is provided by the decomposition of dead organic matter. If 
decomposition rates lag behind net primary productivity, soil nitrogen supplies 
decline which constrain the ability of plants to sequester more CO2. Conversely, if 
global environmental changes increase rates of decomposition, increased soil 
nitrogen typically stimulate net primary production leading to increased carbon 
sequestration (Shaver et al. 2000). 
 
Evidently, being able to predict future rates of primary production and organic 
matter decomposition given global environmental change is essential if we are to 
make forecasts of future soil carbon budgets and dynamics of nutrient cycling. 
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1.1.2 Predicting future rates of net primary production and organic matter 
decomposition 
 
Rates of both plant production and litter decomposition are expected to change as a 
result of several other components of global change besides temperature directly. 
As atmospheric CO2 and temperature increase, hydrology regimes and soil 
properties change and plant species shift their geographic ranges in response, both 
the composition and diversity of plant communities are expected to change with 
knockdown effects on these ecosystem processes (Figure 2). The combination of 
these interacting factors could result in a change of future global primary 
production and decomposition rates. Each factor can affect both decomposition and 
net primary production in a number of direct and indirect ways. 
 
Figure 2. Global environmental change and the soil carbon balance.           indicates a 
positive effect, and            indicates a negative effect. 
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First let us consider increasing atmospheric CO2. Given that CO2 can currently act as 
a limiting factor for photosynthesis, increased atmospheric CO2 will likely act as a 
fertilizer directly increasing net primary productivity by creating more benign 
conditions for photosynthetic organisms and reducing the energetic demands of 
fixing CO2 (Ainsworth and Long 2005, Ainsworth and Rogers 2007). Studies 
experimentally increasing atmospheric CO2 concentrations by 475–600 parts per 
million report an average 40% increase in photosynthesis over a variety of plant 
functional groups (Ainsworth and Rogers 2007). Increased atmospheric CO2 could 
further increase productivity indirectly by increasing global temperatures (IPCC 
2007). Increased atmospheric CO2 may affect litter decomposition indirectly by 
changing leaf litter chemistry. Increased photosynthesis caused by increased 
atmospheric CO2 often results in plants producing plant tissue with 10-20% less 
nitrogen content (Ainsworth and Long 2005, Ainsworth 2008), decreasing its 
decomposability.  
 
Next let us consider increasing temperature. This secondary driver of global change 
will likely increase the rates of both net primary production and decomposition 
directly by creating more favourable climatic conditions for both photosynthetic 
organisms and soil biota. Increased temperature could act indirectly by influencing 
plant community structure and diversity, however, likely in unpredictable ways. A 
decrease in local plant diversity could decrease net primary productivity by 
reducing resource use complementarity, though its effect on decomposition rates is 
still unknown (Hättenschwiler et al. 2005, Gessner et al. 2010). Increasing 
temperature will likely increase soil microbial and macro-faunal activity and 
abundance which could further permit more local diversity in the soil community. 
Decomposition rates would likely be accelerated by an increase in any of these 
indirect effects of increased temperature (Bell et al. 2009, Gessner et al. 2010). 
Finally, the increased mineralization of nitrogen and other nutrients resulting from 
increased decomposition rates would promote increased plant growth and 
increased net primary productivity, which in return, would provide a larger input of 
litter and subsequently increase soil microbial abundance and decomposition rates. 
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This long list of potential interacting factors (Figure 2) highlights the complexity 
involved in predicting future carbon flux rates. If we are to be able to predict future 
rates of litter decomposition and net primary production we need a firm 
understanding of the factors that currently control these process. Here we consider 
litter decomposition. 
 
1.2 Primary determinants of litter decomposition rates 
 
Litter decomposition is determined by three primary factors: the physico-chemical 
environment, the quality of the litter and the nature and abundance of the soil 
community (Swift et al. 1979, Coûteaux et al. 1995, Aerts 1997). As decomposition is 
under control of several simultaneous and interacting factors, determining common 
drivers is challenging yet essential if we are to make predictions about future rates. 
 
1.2.1 The physico-chemical environment 
 
It has long been known that litter decomposition is strongly related to mean annual 
temperature and precipitation (Meentemeyer 1978, Vitousek 1994, Aerts 1997). 
These macro-climatic variables largely determine the soil abiotic conditions where 
decomposition takes place. As well as influencing the composition and structure of 
the plant and soil communities, temperature and precipitation have an important 
direct control over soil microbial and faunal metabolism and thus decomposition 
processes. Increasing temperature increases the rates of all chemical reactions, 
including enzyme-catalyzed reactions, as described by Arrhenius’ equation. Many 
biological processes including decomposition approximate to this relationship, 
increasing with temperature over a limited range, then falling dramatically after an 
optimum temperature (Swift et al. 1979). Precipitation is an important determinant 
of the soil and litter moisture environments, balanced with water uptake from 
plants, drainage and evapotranspiration. Similarly, over a limited range, increasing 
  9 
soil moisture (and thus water potential) generally increases decomposition rates by 
decreasing the force required by micro-organisms to take up water and by 
providing suitable environmental conditions for nematode and protozoan 
decomposers. Metabolic activity is suppressed at low moisture levels and increases 
gradually with increasing moisture until an optimum plateau is reached. Further 
moisture does not affect decomposition until anaerobic conditions are reached, at 
which point decomposer activity can be severally reduced (Swift et al. 1979). As 
well as influencing soil organismal activity, precipitation also increases the leaching 
of soluble litter compounds, an important physical process in the early stages of 
litter mass loss.  
 
At the global scale, major differences in these two macro-climatic variables 
determine the distribution and activity of decomposer organisms and therefore the 
rates of decomposition processes. For example, global differences in decomposition 
rates of different ecosystems are correlated with a latitudinal gradient of 
temperature (Zhang et al. 2008). Meentemeyer (1977, 1978) proposed the use of 
“actual evapotranspiration” as a single meteorological predictor of decomposition 
rates. Actual evapotranspiration is a measure of the available energy and moisture 
to the ecosystem, incorporating both temperature and precipitation. Working at 
continental and global scales, Meentemeyer (1977) reported a strong correlation 
between annual decomposition rate and annual actual evapotranspiration (Figure 
3).  
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Figure 3. Correlation between log annual decomposition rate and annual actual 
evapotranspiration (AET) across several biomes, from (Meentemeyer 1977). 
 
The effect of the physico-chemical environment is also felt at much smaller scales. 
Temperature not only fluctuates in predictable patterns with space, but also with 
time, in diurnal and seasonal cycles. For a constant litter substrate within a given 
site, CO2 evolution from decomposing litter has been shown to fluctuate with these 
diurnal and seasonal cycles, and is closely coupled with both temperature and soil 
moisture (Witkamp and Frank 1969) (Figure 4). 
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Figure 4. Diurnal fluctuation in decomposition rate. The diurnal cycle of temperature 
(open circles) is closely paralleled by the cycle of the evolution of CO2 from 
decomposing litter on the floor of a temperate deciduous woodland. From (Witkamp 
and Frank 1969). 
 
While temperature and soil moisture are important regulators of soil microbial and 
faunal activity, and often sufficient to predict average decomposition rates at global 
or continental scales, the importance of other environmental and biological factors 
in modifying the response makes it more difficult to make predictions between sites 
within biomes.  
 
1.2.2 Litter quality 
 
Plant litter can vary substantially in its physical and chemical properties between 
species with important consequences for decomposition. Grime’s idea of an 
“afterlife effect” (1996), suggests that properties of living leaves carry over to  
influence litter quality and rates of their decomposition. This is due in part to the 
incomplete resorption of nutrients by the plant before leaf senescence, resulting in a 
strong correlation between leaf and litter chemical composition (Aerts 1996). Some 
species produce litter with high concentrations of nitrogen and easily decomposable 
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labile carbon, whereas others produce litter high in compounds like cellulose, hemi-
cellulose, lignin and other more recalcitrant carbon polymers that are resistant to 
degradation. Some deciduous plant species produce thin leaves with large surface 
areas to increase light capture that are easily degraded, whereas others produce 
thicker, longer lasting, more rigid leaves with a smaller surface area to volume ratio, 
and further still, coniferous trees produce needles with highly condensed mass and 
minimal surface area to volume ratio that break down slowly. Whereas climate 
largely controls differences in decomposition rates at the global scale, litter quality 
becomes important within ecosystems or biomes, especially when climatic 
conditions are favourable (Meentemeyer 1978, Aerts 1997). Many studies, often in a 
common garden setting to control climatic and soil variables, have found that 
decomposition rates depend strongly on the chemical and physical properties of the 
litter (Swift et al. 1979, Aerts 1997, Pérez-Harguindeguy et al. 2000, Freschet et al. 
2012). 
 
Recent research has put into question the relative importance of these determinants 
of decomposition, suggesting that plant traits may play a more important role than 
previously thought (Cornwell et al. 2008). Although leaf traits with an afterlife effect 
on decomposition co-vary with climatic variables on a global scale, 60% of inter-
specific variation of these traits is found within biomes (Wright et al. 2005). This 
pronounced within-site variation can be attributed to microsite environmental 
heterogeneity, disturbance and successional stage, and diversity in plant strategy 
caused by trade-offs with other traits resulting in similar levels of fitness among co-
existing plant species in the same environment (Grime 2006, Marks and Lechowicz 
2006). Inter-specific variation in leaf traits was shown to be strongly correlated with 
decomposition rates within biomes globally. Using more than 800 species in 66 
decomposition experiments on six continents, Cornwell et al. (2008) showed that 
within biomes, the magnitude of litter species-driven differences in decomposition 
rate is greater than climate-driven variation, and that the decomposability of a 
species litter is consistently correlated with the species ecological strategy, namely 
how it uses resources. Therefore, understanding the link between plant strategy, 
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plant traits and decomposition is crucial to improving forecasts of global carbon 
fluxes. 
 
1.2.2.1 Functional traits 
 
A plant functional trait (or simply trait) can be any physiological, morphological or 
phenological feature measured at the individual level that relates to plant fitness or 
its determinants (vegetative biomass, reproductive output or survival) (Violle et al. 
2007). In order for plants to grow, survive and reproduce in the face of competition 
and predation, plants must adhere to an effective ecological strategy. Gause’s (1934) 
competitive exclusion principle, elaborated by Hardin (1960), states that two 
competing species with identical resource requirements cannot coexist in a constant 
environment. This means that species must differentiate and diversify to avoid 
complete competition. Since functional traits relate to plant fitness by definition, the 
resulting diversity in plant ecological strategies can be captured quantitatively by 
their trait attributes. These morphological, physiological and phenological 
manifestations of plant strategies often have direct consequences on the 
surrounding biotic and abiotic environment. By measuring traits we can 
simultaneously obtain information about plant strategy and ecosystem functioning 
that is generalizable across systems. 
 
1.2.2.2 The leaf economic spectrum and litter decomposition 
 
Plant fitness is largely determined by how the plant uses resources. A variety of 
studies have suggested the existence of a fundamental tradeoff in plant strategy 
between fast resource acquisition and efficient conservation (Grime 1977, Chapin 
1980, Reich et al. 1992). More recently, this trade-off has been confirmed 
empirically with the availability of large data sets of plant traits (Grime et al. 1997, 
Wright et al. 2004). A host of correlated leaf traits relating to “leaf economics” (or a 
plant’s resource budget) have been identified whose attributes can be used to place 
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species on a theoretical spectrum known as the “leaf economic spectrum” (Wright et 
al. 2004, Shipley et al. 2006). At one end of the spectrum are plants that produce 
energetically cheap leaves that are good at light capture and rapid photosynthesis. 
These plants with fast resource uptake and growth rates exhibit high photosynthetic 
and dark respiration rates, high values of specific leaf area, leaf nitrogen content, 
leaf phosphorus content and low values of leaf dry matter content and leaf life span. 
At the other of the spectrum end are plants exhibiting the opposite properties who 
invest in structurally robust leaves that are long-lived and efficient in conserving 
nutrients (Wright et al. 2004, Garnier and Navas 2011). The leaf economic spectrum 
traits link these plant strategies to their effects on ecosystem processes as 
energetically cheap leaves for rapid photosynthesis result in high primary 
productivity and high decomposition rates and vice versa (Makkonen et al. 2012). In 
order to scale up from functional trait attributes of individuals or species to multi-
species communities and ecosystem processes, we need to consider how individuals 
or species interact in their functional effects on these processes. 
 
1.2.2.3 The biomass-ratio hypothesis and community-weighted traits 
 
The biomass-ratio hypothesis proposed by Grime (1998) predicts that the 
contribution of each species in a community to an ecosystem process is largely 
determined by its relative abundance, mediated by particular traits. Such traits have 
subsequently been termed “effect traits” (Garnier et al. 2004, Violle et al. 2007, Díaz 
et al. 2007). Grime’s hypothesis leads directly to the idea of a community-weighted 
trait, (synonymous with a community-weighted mean, community functional 
parameter, community aggregated trait, and a community aggregated feature) 
formulated by Garnier et al. (2004). A community-weighted trait for community j is 
defined as 

CWT j  pijTi
i1
n
  where Ti is the value of a given trait for species i and pij is 
the relative abundance of species i in the community j. It is then the average trait 
value of species in a community, weighted by their relative abundances. 
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Community-weighted traits provide a method to link trait values of a multi-species 
community to ecosystem processes. 
 
The community-weighted means of traits involved in the leaf economic spectrum 
have been linked to several biogeochemical processes including primary production 
(Thompson et al. 2005, Gross et al. 2008, Mokany et al. 2008, Klumpp and Soussana 
2009), soil water content (Gross et al. 2008, Mokany et al. 2008) and litter 
decomposition (Garnier et al. 2004, Quétier et al. 2007, Cortez et al. 2007, Quested et 
al. 2007, Fortunel et al. 2009). These community-weighted means have been further 
related to successional stage, where attributes of leaf economic spectrum traits 
related to fast resource uptake result in high plant growth rate and fast litter 
decomposition rates and are associated with an early successional stage (Navas et 
al. 2003, Garnier et al. 2004, 2007, Violle et al. 2007, Cortez et al. 2007, Quested et al. 
2007).  
 
One explicit property of community-weighted traits is that they combine species 
additively, e.g., (p1T1 + p2T2 +…). Therefore an assumption of using community-
weighted traits to predict ecosystem processes is that species do not interact in 
their effects on ecosystem function; i.e the effect (Ti) of species i on the ecosystem 
function has the same value irrespective of which other species are in the mixture. 
However, decomposition rates of mixed-species litter often deviate substantially 
from additive predictions (Wardle et al. 1997, Gartner and Cardon 2004, Tardif and 
Shipley 2013). I discuss this issue of species interactions in section 1.3.1. 
 
1.2.3 The soil community 
  
Biogeochemical models of ecosystem carbon dynamics can explain roughly 70% of 
the variation in rates of litter decomposition at continental scales based on a few 
climate and initial litter quality parameters, (usually annual temperature and 
precipitation or AET, litter carbon to nitrogen ratio, and lignin concentration) 
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(Meentemeyer 1978, Gholz et al. 2000, Trofymow et al. 2002, Parton et al. 2007). 
Although climatic variables and litter quality largely control overall rates of 
microbial abundance and activity, these models effectively ignore the potential 
influence of soil microbial community structure on rates of litter decomposition 
(Zak et al. 2006, Reed and Martiny 2007). This omission is largely due to the 
inherent difficulty in manipulating microbial communities in situ and the belief that 
the large abundance, diversity and ubiquity of these microbial communities renders 
them functionally redundant in their effect on ecosystem processes (Jiang 2007, 
Cardinale et al. 2007). Although these assumptions are often questioned (Zak et al. 
2006, Reed and Martiny 2007), experiments explicitly testing the effect of the soil 
microbial community structure on decomposition are rare. Controlling climatic 
factors and using several standard litter types, Strickland et al. (2009) found that 
different soil microbial communities perceive litter quality differently and can have 
important effects on decomposition rates. 
 
Macro-faunal detritivores also play an important role in the decomposition process 
despite the fact that all soil animals account for no more than 10% of total soil 
metabolism (Persson et al. 1980, Petersen and Luxton 1982), the remaining 
contribution coming from microbial decomposers. Macro-fauna can facilitate 
decomposition by increasing the proportion of litter that is to be available to 
microbes (Chapin et al. 2002) or by physically moving litter from the surface soil 
layer to deeper, moister microsites with increased microbial activity (Hassall et al. 
1987). Macro-faunal detritivores can also act as ecosystem engineers, creating air 
pockets and increasing soil aeration, maintaining aerobic conditions necessary for 
most decomposer organisms (Swift et al. 1979).  
 
It has also been proposed that although properties of the litter and soil community 
are important in isolation, the full effect of each on litter decomposition could be 
conditionally dependent on the other. Litter-soil community feedbacks over the 
long-term could create a situation where the soil community is specialized to the 
litter it receives. Because litter has a large variation in litter chemical and physical 
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traits and represents an important input of energy and nutrients for soil biota, there 
is likely competition between soil biota for these nutrients. This competition could 
generate selective pressure causing decomposers to become efficient at breaking 
down the litter produced by the plants above them (i.e. microevolution) and for 
different assemblages of decomposer species to become filtered for different sites. If 
there are evolutionary trade-offs in evolving these enzymatic capacities or other 
relevant traits, then decomposers may become specifically adapted to the litter they 
receive over the long-term. This would result in what is called a “home-field 
advantage” (Gholz et al. 2000), where litter decomposes faster in its own host plant 
community (at “home”) than elsewhere (“away”). Although experimental evidence is 
still somewhat rare, there is growing support for this hypothesis as reciprocal 
transplant experiments of monoculture litter between plant communities often find 
accelerated decomposition of litter in its home environment (Hunt et al. 1988, Gholz 
et al. 2000, Vivanco and Austin 2008, Barantal et al. 2011). Using published data 
from several continents, Ayres et al. (2009) report in a meta-analysis that home-
field advantage is widespread in forest ecosystems, leading to an 8% faster 
decomposition rate of litter at home than away. These findings caution against 
building models of litter decomposition based on studies using experimental setups 
that remove decomposition from its natural conditions, be it common garden, 
laboratory microcosm on common litter substrate experiments. 
 
1.3 Diversity and decomposition 
  
Although the effect of climatic factors, litter quality and soil community properties 
on decomposition rates have been well studied, the vast majority of the work has 
used mono-specific litter (Meentemeyer 1978, Swift et al. 1979, Facelli and Pickett 
1991, Hobbie 1996, Aerts 1997, Cadisch 1997, Chapin et al. 2002). Despite the fact 
that plant litter rarely decomposes in isolation from that of other species (Wardle et 
al. 2003, Hoorens et al. 2003, Hättenschwiler and Gasser 2005) only recently has the 
effect of mixing litter species together been studied, and since, a considerable 
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amount of work has shown that mixed-species decomposition dynamics often 
deviate significantly from what would be predicted from the decomposition of the 
component species in monoculture (Wardle et al. 1997, Gartner and Cardon 2004, 
Hättenschwiler et al. 2005, Gessner et al. 2010, Cardinale et al. 2011, Tardif and 
Shipley 2013). The growing interest in biodiversity-ecosystem functioning (the 
study of how the diversity of organisms in a community influence ecosystem-level 
processes) has prompted ecologists to consider the potential effects of diversity at 
several scales on decomposition processes (Gessner et al. 2010). Of the three major 
factors that control litter decomposition rates, physico-climatic conditions, litter 
quality and the soil community, two are directly related to biological diversity. With 
a considerable percentage of the variation in litter decomposition rates left still 
unexplained, and with biodiversity declining globally, the effect of diversity on litter 
decomposition has become an active area of research (Hector et al. 2000, Gartner 
and Cardon 2004, Hättenschwiler et al. 2005, 2011, Gessner et al. 2010, Cardinale et 
al. 2011). 
 
Diversity in relation to litter decomposition is manifested in three distinguishable 
ways. Firstly, we can consider the diversity of the decomposing litter. Secondly, we 
can consider the diversity of the host plant community where the litter decomposes. 
Although in natural systems this is often inseparable from litter diversity, the 
mechanisms in which these two sources of diversity act may be considerably 
different. Thirdly, we can consider the diversity of the soil community. 
 
1.3.1 Litter diversity 
 
Although there exist more than 80 studies investigating the effect of litter diversity 
on decomposition, it remains difficult to draw generalizable conclusions. 
Interactions between litter types leading to non-additive breakdown dynamics of 
litter decomposing in mixture are common (Wardle et al. 1997, Gartner and Cardon 
2004, Tardif and Shipley 2013), yet the direction and magnitude of these 
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interactions are difficult to predict and are likely dependent on the identity of the 
species present in the mixture and not their number. Experiments have found 
positive, negative and idiosyncratic effects of litter species diversity on litter mass 
loss (Gartner and Cardon 2004, Hättenschwiler et al. 2005). The largest formal 
meta-analysis on the subject (Cardinale et al. 2011), compiling 84 observations from 
both terrestrial and aquatic systems, reveals that synergistic interactions between 
litter species in mixture are stronger and more common than antagonistic 
interactions, but the evidence remains weak. The magnitude of the average 
biodiversity effect is small (5% faster in polycultures than the average monoculture) 
and does not relate to litter taxonomic richness (Cardinale et al. 2011). This small 
biodiversity effect is driven by data from aquatic systems, in which litter 
interactions are more often synergistic. However, in terrestrial systems, there is 
very little evidence of an overall trend of species richness on decomposition. 
Nevertheless, interactive effects of litter mixing are not negligible and can retard or 
increase decomposition rates by substantial amounts, (from -22% to +65% mass 
loss) (Gartner and Cardon 2004, Hättenschwiler et al. 2005), influencing our ability 
to predict mixed-species decomposition rates from experimental monocultures. 
Several mechanisms responsible for these non-additive effects have been identified. 
For example, synergistic interactions may arise if high quality litter stimulates the 
decomposition of low quality litter via nutrient transfer (Chapman et al. 1988, 
Wardle et al. 1997) or the priming effect (Chapman and Koch 2007), or by improved 
microenvironmental conditions and increased decomposer habitat heterogeneity 
(Hättenschwiler et al. 2005). Antagonistic interactions may arise through the release 
of plant secondary compounds with a negative effect on decomposer organisms 
(Schimel et al. 1998). Let us now consider these mechanisms in more detail. 
 
Theoretical considerations and experimental evidence suggest that high quality 
litters rich in nitrogen and with fast decomposition rates can accelerate the 
decomposition of lower quality litter (Seastedt 1984, Chapman et al. 1988, Wardle 
et al. 1997, Schimel and Hättenschwiler 2007, Tiunov 2009). This can be due simply 
to the priming effect (Chapman and Koch 2007) where the high-quality litter results 
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in a higher microbial biomass which in turn subsidizes the decomposition of the 
lower quality litter. However, there is also evidence that nitrogen and other 
potentially limiting nutrients may be transferred passively by leaching or actively by 
fungal hyphae from high to low quality litter, stimulating overall decomposition of 
slowly decomposing recalcitrant carbon (Schimel and Hättenschwiler 2007, Tiunov 
2009, Gessner et al. 2010). Briones and Ineson (1996) additionally observed the 
transfer of potassium, calcium and magnesium between litter types. This transfer of 
high quality nutrients alleviates nutrient limitation to the breakdown of poor quality 
litter and so accelerates overall mixture decomposition rates. 
 
Since litter types vary in their physical traits as well as their chemical traits, mixing 
litter species could improve the microenvironmental conditions and increase 
habitat for decomposer organisms by providing a more structurally diverse litter 
layer. Physical traits of litter such as leaf size, thickness, shape, colour, etc., all 
influence the microenvironmental conditions by determining the physical 
properties of the litter layer. A greater physical diversity in the litter layer could 
increase the total abundance of decomposer organisms by increasing their habitat 
diversity (Hättenschwiler et al. 2005). Furthermore, a litter type exhibiting a 
positive effect on microenvironmental conditions could affect that of the other 
species increasing overall mixture decomposition rates. For example, Wardle et al. 
(2003) found that the presence of feather mosses (Pleurozium schreberi and 
Hylocomium splendens) in litter mixtures increased overall decomposition rates.  
Although feather mosses decompose slowly, they have a high water-holding 
capacity which improved the microenvironmental conditions of adjacent litter 
facilitating their decomposition.  
 
Antagonistic interactions can occur if species vary in their composition of secondary 
compounds that may inhibit decomposition processes. For example, certain 
polyphenols and tannins can be detrimental to microbial decomposers and their 
presence in a litter mixture can radically retard the entire decomposition process 
(Schimel et al. 1988). 
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Since all of these mechanisms responsible for the effect of plant diversity on 
decomposition depend ultimately on the qualitative differences between litter traits, 
and not on the number of species present in the litter mixture, Epps et al. (2007) 
proposed that the concept of functional diversity, (the variance of trait values) be 
applied to litter decomposition. Since, a number of experiments have shown that an 
increasing diversity of litter chemistry traits in a litter mixture increases overall 
mixture decomposition rates (Meier and Bowman 2008, 2010, Hättenschwiler and 
Jørgensen 2010, Hättenschwiler et al. 2011), potentially by providing a more 
stoichiometrically heterogeneous substrate for decomposer organisms and thereby 
stimulating nutrient transfer and/or decomposer niche differentiation. 
 
1.3.2 Host plant community diversity 
 
The majority of research investigating the effect of plant diversity on decomposition 
has isolated the effect of litter diversity by manipulating the litter while measuring 
decomposition in a common garden setting. In natural systems however, these two 
components of plant diversity are often inseparable and we lack an understanding 
of how these two components of diversity may play out. Of the studies that do 
explicitly test the effect of host plant community diversity on litter decomposition, 
nearly all report a positive effect (Hector et al. 2000, Knops et al. 2001, Carney and 
Matson 2005, Chapman and Koch 2007, Vivanco and Austin 2008, Scherer-Lorenzen 
2008, Barantal et al. 2011). However, potential mechanisms for this effect are at this 
point little more than guesswork.  
 
Plant diversity is known to increase above-ground plant productivity (Hector 1999, 
Tilman et al. 2001, Balvanera et al. 2006) which could subsequently have important 
impacts on the decomposition processes. For example, an increase in long-term 
litter input could increase overall microbial abundance and activity thereby 
accelerating decomposition. Also, the increased habitat and nutrient heterogeneity 
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for soil micro-organisms resulting from a diverse long-term litter input and an 
increased below-ground physical complexity could promote increased microbial 
abundance and activity. Finally, the “first link hypothesis” (Lavelle et al. 1995) 
postulates that above-ground plant diversity may promote below-ground diversity 
with knockdown effects on litter decomposition. Several experiments manipulating 
plant diversity in controlled plantations (usually involving herbaceous species) have 
reported increased diversity and activity of bacteria and fungi (Stephan et al. 2000, 
Carney and Matson 2005, Chung et al. 2007, Chapman and Newman 2010, Scherber 
et al. 2010), micro-arthropods (Szanser et al. 2011, Eisenhauer et al. 2011, Sabais et 
al. 2011) and of soil macro-fauna (Cesarz et al. 2007, Scherber et al. 2010, Szanser et 
al. 2011) in response to increased plant diversity. 
 
1.3.3 Soil decomposer and detritivore diversity 
 
The diversity of the belowground soil community could increase litter 
decomposition rates for the same reasons that increased plant diversity increases 
plant productivity (Hector et al. 2011). Since species differ in their nutritional 
requirements, temporal and spatial use of resources and in their competition 
strategies, a more diverse community usually increases its total uptake of resources 
and their conversion into biomass through complementarity of resource use. 
Although this hypothesis has found support across several systems and trophic 
levels (Cardinale et al. 2006), it has rarely been tested in the decomposition system 
with soil organisms for the same reasons discussed in section 1.2.3.  
 
Synergistic interactions can arise from either facilitation or from resource use 
complementarity and niche partitioning. Fungi have been shown to facilitate the 
penetration of bacteria into plant tissue where they then both degrade leaf 
structural polymers, increasing overall decomposition rates (Boer et al. 2005). 
Niche partitioning can occur if microbial decomposers possess different enzymatic 
capabilities to degrade different plant polymers. Furthermore, patterns of microbial 
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activity can vary temporally with environmental conditions resulting in resource 
use complementarity (Gessner et al. 2007, Osono 2007). Studies manipulating 
bacterial and fungal diversity have sometimes found increased rates of litter 
decomposition and soil respiration with increased levels of diversity of these 
decomposers (Setälä and McLean 2004, Hättenschwiler and Gasser 2005, Tiunov 
and Scheu 2005), although this result is better supported in laboratory microcosms 
than in the field (Bell et al. 2009). Manipulation of soil organismal diversity is 
slightly more common with macro-faunal detritvores than with microbes. Increased 
diversity of ants, earthworms, mites and isopods have been reported to increase 
decomposition rates (Jonsson and Malmqvist 2000, Heemsbergen et al. 2004, 
Eisenhauer et al. 2012). Although synergistic effects have been reported across 
several microbial and macro-faunal groups, many results are conflicting and 
generalizations are still difficult to make (Cragg and Bardgett 2001, Hättenschwiler 
and Gasser 2005, Hättenschwiler et al. 2005, Duarte et al. 2006, Srivastava et al. 
2009, Gessner et al. 2010). Studies have also reported antagonistic effects of soil 
community diversity. For example, fungal diversity has the potential to retard 
decomposition through intense competition. Certain fungal species can release 
inhibitory substances meant to deter competitors and predation, but resulting in 
reduced overall decomposition (Cox et al. 2001, Rotheray et al. 2009). 
 
1.4 Specific objectives 
 
Anthropogenic drivers are changing the structure of plant communities globally 
with potential impacts on decomposition processes. In this thesis I investigate the 
effect of several components of plant community structure on leaf litter 
decomposition rates. Chapter two explores different methods of quantifying 
biodiversity from a historical perspective in relation to biodiversity-ecosystem 
functioning. Chapter three presents experimental work investigating the effects of 
tree diversity (species richness and functional diversity) and tree identity (via 
community-weighted traits) on rates of litter decomposition and soil respiration. 
  24 
Chapter four presents experimental work investigating the link between 
aboveground plants and belowground soil organisms and their combined and 
interactive effect on litter decomposition rates. 
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CHAPTER II :  
FROM SPECIES RICHNESS TO MULTIVARIATE FUNCTIONAL 
DIVERSITY: A TRAITS-BASED PERSPECTIVE OF BIODIVERSITY IN 
RELATION TO ECOSYSTEM FUNCTIONING 
 
 
Biological diversity, or “biodiversity” refers to the variability among living 
organisms. Although ecologists have long tried to quantify this variability, this basic 
yet complex concept, (sometimes seen as the irreducible complexity of Life) has 
resisted an emergence of one single and objective method of quantification. 
 
Since the days of Aristotle, natural history has attempted to classify this variation of 
Life’s forms, a necessary precursor to its quantification. Early attempts grouped 
organisms into species based on their similarity of morphological traits, known as 
phenetics. Charles Darwin’s (1859) Origin of Species had a profound impact on how 
ecologists saw nature, contributed to the recognition of species as discrete entities 
and shifted emphasis onto the evolutionary relatedness of species (Sokal and 
Crovello 1970). This shift resulted in nearly all subsequent ecological research 
adopting a species-centric perspective of nature where phylogenetic relationships 
and the evolutionary history of organisms were central considerations in the types 
of ecological questions asked. It is not until recently that some ecologists have 
intentionally reverted to a traits-based approach, and in doing so, have provided a 
way foreward for biodiversity science. 
 
2.1 The simplest measure of diversity: species richness 
 
The oldest and simplest quantification of biodiversity is “species richness,” or simply 
the number of species present in a defined area. It is commonly reported both 
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because of its simplicity and universality. Although seemingly simple, since species 
vary in their relative abundances, the number of species counted would be strongly 
biased by the sample size. Rarefaction curves are thus used to predict species 
richness from sampling data (Gotelli and Colwell 2001). However, this very fact that 
species are not equally abundant in a community leads us to the first problem with 
the species richness measure: equitability. 
 
Species-abundance distributions fit something close to a truncated lognormal 
function (Preston 1948), meaning that while a very few number of species are very 
abundant in a given area, many are rare (Figure 5). Intuitively, a more even species 
abundance distribution should mean a more diverse community. However, simply 
reporting the number of species present fails to tell us anything about how evenly 
they are distributed.  
 
 
Figure 5. A typical species-abundance distribution, from (Krebs 1999). 
 
2.2 Broadening the scope of diversity to include equitability 
 
This problem of unequal relative abundance has been addressed by Shannon and 
Weaver (1949), Simpson (1949) and Berger and Parker (1970) who have all 
developed indices that can be used to calculate biodiversity incorporating species 
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evenness. The three indices are similar in that they all combine species relative 
abundances in a community to yield a sum, and differ only in the weighting given to 
relative abundance by raising it to different exponents. Rényi (1961) and Hill (1973) 
then united these indices by developing measures of  “effective species richness” of 
the order  in which the user can chose the relative importance of evenness (Kindt 
et al. 2006) (Equations 1 & 2). Effective species richness, H and S, are functions of 
pi, the relative abundance of species i, summed across all species in the community. 
Components of effective species richness can be broken down into species richness 
and evenness and are either additive (in the case of Rényi) or multiplicative (in the 










Equation 2. Hill’s 1973 diversity number of order . 
 
2.3 Diversity across spatial scales 
 
One striking feature of biodiversity is its spatial organization. Differences in species 
composition increase with scale and culminate in the earth’s discrete biomes. Yet 
even within regions, biodiversity varies widely with scale. To deal with this 
problem, Whittaker (1972) partitioned regional diversity (γ-diversity) into two 
components: diversity between communities (β-diversity) and diversity within 
communities (α-diversity.) When γ-diversity is partitioned in an additive way 
(instead of multiplicative) as γ-diversity = mean α-diversity + β-diversity, the logic of 
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ANOVA can be applied to analyze the variance of species richness within and 
between communities. Several indices are used to quantify turnover in species 
composition between communities (β-diversity.) The two most common, Jaccard’s 
and Sørensen’s, use simple presence-absence data of species and vary between 0 
and 1 where 0 = no species shared and 1 = all species shared (Chao et al. 2004). 
Measuring biodiversity by combining richness and evenness as well as β and α 
diversity into a single measure yields a much more informative measure of diversity 
than simply counting species. 
 
2.4 The problems of disparity and scale 
 
A major problem with the species-centric measures of biodiversity described above 
is their neglect of the qualitative differences between species. Intuitively, a 
community containing more dissimilar species should be considered more diverse 
and this should be reflected in biodiversity indices. One simple way to sidestep this 
issue is to measure diversity at a higher taxonomic level, so instead of calculating an 
effective species richness, one could calculate an “effective genus richness” or 
otherwise. This however highlights the arbitrary nature of using species as the 
fundamental unit of biodiversity. Whereas we can further increase the scale at 
which we measure diversity, we can also go the other way. Species diversity 
naturally excludes intraspecific variation, or variation between individuals 
belonging to the same species. The indices mentioned above indeed can and are 
used to calculate measures of biodiversity from intraspecific genetic diversity to 
ecosystem diversity. In choosing a specific taxonomic resolution, we are forced to 
reflect upon what constitutes dissimilarity in relevance to our question at hand. 
 
2.5 Phenotypic and phylogenetic diversity 
 
Incorporating disparity (the qualitative differences between species) into diversity 
indices first requires a method of quantifying species similarity. Similarity can be 
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measured either as the evolutionary relatedness of species, or as their phenotypic 
resemblance. Phylogenetic diversity describes the total amount of distinct 
evolutionary history in a community, measured as the total branch length of the 
community’s dendogram (Srivastava et al. 2012) (Figure 6). It is then influenced 
both by how related species are to each other on average and by how many species 
are present. Many indices have been developed to describe phylogenetic diversity 
(Cadotte and Davies 2010). Phenotypic diversity on the other hand describes the 
quantitative differences of the phenotypic characteristics between species in a 
community. Linking these two concepts, “phylogenetic signal” measures to what 
extent close evolutionary relatives have more similar phenotypes than distant 
relatives. If there is a strong phylogenetic signal then these two types of diversity 
contain very similar information. But if evolution acts convergently to produce 
distantly related species sharing similar phenotypic traits in similar environments, 
or divergently to produce closely related species with diverse phenotypes, then this 
will not be the case. In one of the most comprehensive attempts to test for 
phylogenetic signal across a variety of clades, Freckleton et al. (2002) found that 
60% of the 103 phenotypic traits tested showed a significant phylogenetic signal. 
This means that for a large portion of phenotypic traits, phenotypic and 
phylogenetic diversity contain complimentary information about species similarity. 
 
Figure 6. Phylogenetic Diversity (PD) of two 4-species communities. Circles represent 
species. 
  31 
 
Biodiversity questions may be related to conservation, evolution, biogeography, 
ecosystem functioning, philosophy or a number other of fields, and depending on 
what the question is will determine the most appropriate way in which to quantify 
diversity. If one is interested in evolution or biogeography, it could be useful to use 
evolutionary criteria to measure of similarity and to calculate a measure of 
phylogenetic diversity based on species’ evolutionary relatedness in a community. 
However, if our question is related to ecosystem functioning or conservation, it is 
likely more relevant to use a phenotypic perspective of dissimilarity.  
 
2.6 Biodiversity in relation to ecosystem functioning – a theoretical basis for 
functional diversity 
 
In the field of biodiversity-ecosystem functioning research, we are interested in 
uncovering the relationships between the diversity of an ecological community and 
ecosystem processes such as the flux rates of nutrients and energy in and out of the 
system. The classical biodiversity-ecosystem functioning experiment manipulates 
plant species richness in a controlled meso or microcosm while monitoring some 
ecosystem level measure of function. The central hypothesis of the field is that a 
more diverse community will result in increased ecosystem functioning (usually 
increased flux rates of energy or nutrients), stability, and resilience (Naeem et al. 
2002).  Such has been found for productivity in grasslands (Tilman et al. 1997a, 
2001, Hector 1999) and tree communities (Paquette and Messier 2011), resource 
uptake for herbivores and detritivores (Cardinale et al. 2006) and for certain 
aspects of ecosystem stability (Ives and Carpenter 2007). However, this hypothesis 
has no explicit explanatory power when species richness is used to quantify 
diversity as is normally the case. The mechanisms of positive biodiversity effects 
rest in the qualitative differences between species and not simply in their number 
(Hooper et al. 2002). An implicit assumption in the hypothesis relating species 
richness to function is that species richness and trait diversity are tightly correlated. 
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However, this is not always the case (Petchey and Gaston 2002, Hooper et al. 2005). 
Therefore, if we are to achieve a mechanistic understanding of biodiversity-
ecosystem functioning, we must consider the functional attributes of species. 
 
Positive biodiversity effects on functioning can be broken down into two broad 
categories: selection and complementarity. Selection (or sampling) effects occur 
when certain species whose individuals have strong effects on the ecosystem 
function dominate a community, and whose inclusion in a community by chance 
increases with species diversity whereas complementarity effects occur when 
species interact synergistically in their effects on the ecosystem process and result 
in an increased average species effect on functioning (Loreau 1998, Loreau and 
Hector 2001). The selection effect is the result of either biotic filtering (inter-specific 
competition) or abiotic species filtering based on traits during community assembly 
and leads to species with specific functional properties exerting a disproportional 
effect on ecosystem functioning. The complementarity effect can be further broken 
down into two main mechanisms: facilitation and niche differentiation. Facilitation, 
(species interactions benefiting one or both participants without negative effects on 
either,) can increase functioning when the presence of one (or several) species 
increases the positive effect of another on function. Niche differentiation on the 
other hand describes how evolution acts on species to avoid competition by 
differentiating their resource-use requirements into nutritional, spatial and 
temporal niches. As such, niche differentiation can increase functioning if species 
contribute to functioning in unique ways. To use the example of the well-studied 
effect of plant diversity on resource uptake and primary productivity, we see that all 
three mechanisms depend on the functional characteristics of species. The selection 
effect increases productivity if the community includes fast-growing species that can 
outcompete others and dominate the community (Aarssen 1997, Huston 1997). 
Facilitation often occurs for example if species with the ability to fix atmospheric 
nitrogen are mixed with those who only have access to soil nitrogen, decreasing 
overall nitrogen limitation (Tilman et al. 1997b). Finally, niche differentiation can 
increase productivity when species differ in their functional properties that 
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determine the way they use resources. Communities with complementary species in 
terms of light capture, root depth and nutritional requirements can increase overall 
community resource uptake and thus productivity. Since all mechanisms of diversity 
effects are ultimately dependent on the functional characteristics of the organisms, a 
measure of diversity quantifying the variability in species traits and niche positions, 
should yield stronger effects on ecosystem functioning than the number of species 
or patterns in their taxonomic relationships (Odum 1969, Tilman et al. 1997a, 
Hooper et al. 2002).  
 
2.7 A traits-based perspective of plant community ecology 
 
Whereas a taxonomical and species-centric perception of ecology remained the 
dominant approach throughout the last century, the 1960’s saw the birth of a new 
school of ecological thought largely inspired by Philip Grime and developed by Paul 
Keddy in the 1980s. This new “trait-based” approach focused on organismal 
phenotypes instead of the evolutionary history of these phenotypes, insisting that it 
is the “traits” that organisms possess and not their taxonomy that are responsible 
for determining ecological phenomena from community assemblage to ecosystem 
functioning. A “functional trait” (or simply “trait” from here on in) is any 
morphological, physiological or phenological feature measureable at the individual 
level that affects plant fitness (Violle et al. 2007). Simply put, a trait is “any 
measurable property of a thing” (Shipley 2010). The strength of this approach is in 
its generality. Since most traits can be measured across a wide variety of plant 
groups, trait values and their relationships with ecological properties and processes 
can be compared across systems. Instead of studying the ecological consequences of, 
or the factors leading to, the presence of a certain species in an ecological 
community, trait values provide a mechanistic and generalizable measure of the 
relationship between individuals and their environment. Functional traits can be 
divided into “response traits,” whose variation is caused by variation in 
environmental conditions, and “effect traits,” in which variation in the trait causes 
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variation in environmental conditions and ultimately in ecosystem processes 
(Lavorel and Garnier 2002, Violle et al. 2007). For example, regeneration traits in 
plants (e.g., seed size, number of seeds per plant, dispersal mode, pollination mode, 
etc.) often determine changes in species’ survival and immigration in response to 
environmental context, but do not directly change the environmental conditions 
themselves. These “response traits” are only loosely correlated with vegetative 
“effect traits” which often have a more direct effect on ecosystem process rates 
(Grime 1979). Response traits are then useful for understanding and predicting the 
abundance of species in a community and effect traits for understanding and 
predicting the effect of species on ecosystem functioning. From this perspective, a 
mechanistic understanding of biodiversity-ecosystem functioning should quantify 
biodiversity as the range or variance of effect traits in a community. This 
progressive addition to ecological thought is, in this case, ironically a return to the 
older phenetic emphasis on phenotypic properties rather than evolutionary history. 
 
2.8 Functional groups 
 
The grouping of species based on their functional traits, (or what they do in an 
ecological community) dates back however to Raunkiaer (1934). Raunkiaer’s early 
classification system grouped plants by their life-history, namely the height of the 
growth point during stressful conditions. Since Raunkiaer’s work, research on 
functional groups has grown to include classification based on a long list of life-
history, resource-use, physiological, behavioural, phenological and morphological 
traits. As such, a functional group can be viewed as a cluster of species within a 
multivariate trait space that is separated from other such groups, where each axis 
represents a given trait, a concept closely related to niche theory (Leibold 1995). 
Functional groups can be divided further into functional effect and functional 
response groups, depending on the types of traits used for classification. This 
distinction is analogous to that of functional and habitat niche concepts where the 
former encompasses the effect species have on the community and the later 
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encompasses the environmental conditions necessary for species’ survival (Leibold 
1995).  
 
Functional group classification leads us naturally to the concept of functional 
diversity, defined as the range and value of organismal traits (Diaz et al. 2001). Early 
measures of functional diversity were expressed as the number and relative 
abundance (richness and evenness) of functional effect or response groups, (Tilman 
et al. 1997a, Hooper and Vitousek 1998) and calculated using conventional species 
diversity indices. Because of its direct link to both species response to 
environmental conditions and to the mechanisms in which diversity effects 
ecosystem processes, functional diversity is being used more and more commonly 
as a diversity metric in ecological research, (Diaz et al. 2001, Petchey and Gaston 
2002a, 2006). 
 
2.9 From a discrete to continuous index 
 
In nature, trait values vary continuously and are not necessarily grouped into 
discrete clusters, thus making species functional classifications arbitrary. A 
continuous index of functional diversity based on trait dissimilarity avoids the loss 
of information resulting from the conversion of continuous trait data to discrete 
functional groups (Hooper et al. 2002, Petchey and Gaston 2002b, Naeem and 
Wright 2003). 
 
Although it is more difficult to obtain trait measurements at the individual or 
species level than information on species’ functional group membership, this 
approach promises a finer resolution (Petchey and Gaston 2006). Several new 
indices of multi-trait functional diversity have been proposed (Mason et al. 2005, 
Ricotta 2005, Villéger et al. 2008, Laliberté and Legendre 2010). These indices 
describe two broad aspects of functional diversity: the amount of niche space 
occupied by the community (functional richness) and how this niche space is filled 
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by the community’s components (functional evenness and divergence.) Species (or 
individuals) are points in an n-dimensional trait space, where n is the number of 
traits. Multi-dimensional trait diversity can then be quantified by calculating the 
distances between each point pair-wise, or each point and a centroid, and then 
calculating either the sum or the average of all of such distances. If each point is a 
species, equitability can be taken into account by weighting each point by the 
relative abundance or biomass of each species in the community (Figure 7). 
 
Figure 7. Multi-variate functional diversity (FD). “The n individual species in a two-
dimensional trait space are represented by black circles whose sizes are proportional 
to their abundances. Vector xj represents the position of species j, vector c is the 
centroid of the n species (white square), zj is the distance of species j to centroid c, and 
aj is the abundance of species j. Individual distances z of species to c are weighted by 
their relative abundances to compute FD.” From (Laliberté and Legendre 2010). 
 
Although elegant and simple, these pair-wise distance-based indices have one major 
conceptual problem, that is their relationship with species diversity. Indices that 
take the average pair-wise trait distance essentially calculate a measure of trait 
variance. Therefore functional diversity can actually increase in response to the loss 
of functionally redundant species. Because these indices calculate functional 
diversity as the average distance between a species and a centroid point in a 
multidimensional trait space, the extinction of a species with a small functional 
distance will increase the average distance between species and the centroid and 
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increase community functional diversity. Petchey and Gaston (2002) proposed a 
different method borrowed from evolutionary biology which measures functional 
diversity as the total branch length of a dendogram constructed by the hierarchical 
clustering of a trait dissimilarity matrix. Thus removing a functionally redundant 
species can only leave functional diversity unchanged or reduced. However, 
hierarchical clustering of trait data involves decisions that are inevitably somewhat 
arbitrary given that traits rarely nest naturally in a hierarchal fashion. For this 
reason as well as for their facility to include evenness, pair-wise distance indices are 
more frequently used, especially Rao’s quadratic entropy (1982) and the extremely 
similar “functional dispersion” (Laliberté and Legendre 2010). But whereas an a 
priori choice of one index over another is rarely objectively justifiable, there are a 
number of other important considerations rooted in biological questions that may 
have a larger influence than the mathematical differences between indices. 
 
2.10 Which traits and how many? 
 
The most important consideration when calculating functional diversity is which 
and how many traits to include in the index. For biodiversity-ecosystem functioning 
research, Petchey and Gaston (2006) facetiously suggest that one should include “all 
of the traits that are important for the function of interest, and none that are 
functionally uninformative.” This is not so simple as we rarely know exactly which 
traits are functionally important. Hooper et al. (2002) propose that by using a wider 
selection of traits, nesting response traits within effect traits we can more fully 
capture diversity’s effect on ecosystem functioning in both equilibrium and non-
equilibrium states. Whereas using only effect traits tells us the direct effect on 
ecosystem functioning, response traits can tell us about how environmental 
perturbation affects the community composition of effect groups and thus 
ecosystem functioning. Needless to say, deciding on exactly which traits to use to 
quantify functional diversity is extremely subjective, yet can strongly influence 
biodiversity-ecosystem functioning results (Schleuter et al. 2010). To construct an 
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index a priori, one should select all the available traits potentially related to the 
mechanisms responsible for the hypothesized diversity effect. 
 
Once the relevant traits have been selected, one has the choice of how to weight 
them. The most logical way is in accordance to their relative functional significance. 
Firstly, for traits to be comparable, their attributes must be transformed to have the 
same mean and variance, but after that, objectivity becomes impossible. If we 
already knew the relative significance of traits on functioning, then we probably 
wouldn’t be doing the experiment. Instead of guessing, it might be wiser to equally 
weight all of the traits included in the index. Another approach has been to group 
traits, (for example as morphological, physiological, phonological) and give equal 
weighting to each suite of traits (Roscher et al. 2004). To complicate matters further, 





With so many subjective choices in measuring functional diversity, it becomes 
difficult to choose a justifiable method a priori. Several authors of biodiversity-
ecosystem function studies have used an iterative process to choose traits a 
posteriori that maximize explanatory power of the classification (Díaz et al. 2007, 
Paquette and Messier 2011, Roscher et al. 2012). This approach, promoted by 
Hooper et al. (2002), can be traced back to Grime et al. (1997) and his integrated 
screening program for plants. After collecting data on a large number of functional 
traits, species are allocated into emergent groups based on similar traits used to 
predict ecosystem processes or responses to environmental variables. These 
predictions are then tested in field or microcosm experiments. Integrated screening 
is an explicitly iterative process, where if predictions fail, functional classification 
and testing are redone until the functionally relevant traits are identified. Such 
techniques helped to reveal that for example the same traits can predict both 
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drought and frost resistance (Macgillivray et al. 1995).  This method, which groups 
together species possessing similar values of traits that affect ecosystem processes 
(functional effect groups) is justifiable if the aim of the study is to identify which 
traits act as functional effect traits. Similarly, if the presence of a diversity effect is 
well established for a given function in a given system, using an iterative method of 
trait selection can help to identify mechanisms responsible for selection and 
complementarity effects.  
  
However when iterative trait selection is used to test for the presence of an effect of 
biodiversity on ecosystem functioning, its logic becomes circular. By constructing a 
functional diversity index based on the traits that best predict ecosystem 
functioning, one assumes the presence of an effect of functional diversity on 
ecosystem functioning which should be precisely the hypothesis under 
investigation. By testing enough trait combinations, weightings and indices, one is 
certain to find a relationship between diversity and function, even if no such effect 
exists. This problem of type I error makes clear the importance of a priori 
classification, but very few conventions exist on how to do this. 
 
2.12 Towards a standardized measure of functional diversity 
 
Many commonly used plant traits have been shown to be correlated and often co-
vary over environmental gradients (Lavorel and Garnier 2002). The most extreme 
example is a suite of response and effect traits known as the “leaf economic 
spectrum” which are tightly correlated across plant species globally (Wright et al. 
2004). This covariance is the result of evolutionary trade-offs in the trait-space that 
organisms occupy and outlines viable plant resource-use strategies, (viable 
combinations of traits) (Shipley et al. 2006). When traits are sufficiently tightly 
correlated, variation in plant strategy can be mapped onto a single axis. The leaf 
economic spectrum is then an example of a single dimension of plant strategy that 
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can tell us simultaneously both how plants use resources and how plants affect 
ecosystem processes. 
 
Westoby’s concept of the L-H-S scheme (Westoby 1998), (an extension of Grime’s C-
S-R triangle), asserts that we can know most things about a plant from three simple 
traits: specific leaf area (leaf area per unit dry mass,) canopy height at maturity, and 
seed mass. Each trait represents a dimension of fundamental plant strategy 
containing a suite of correlated traits. Specific leaf area is a leaf economic spectrum 
trait and describes plant resource use, canopy height at maturity describes 
competition strategy, and seed mass describes reproductive strategy. Each 
dimension contains a trade-off that forces plants to distribute themselves onto a 
spectrum. A plant cannot deploy a large light capturing area per unit leaf mass while 
at the same time building thick, durable and long-lasting leaves, cannot hold its 
canopy high above the ground without enduring the structural costs of supporting 
it, and, all else being constant, cannot produce large seeds with high survival rates 
without producing fewer of them. As such, the position of a species in this three-
dimensional trait space is a general indicator of its strategy. The three axes are 
mostly independent and thus hold complimentary information (Westoby 1998), 
while each axis holds information about a whole suite of correlated traits, including 
both effect and response traits. The real benefit of the L-H-S scheme is its 
universality, providing a simple means to compare plants functionally worldwide. 
 
Because of its simplicity and generality, I propose that the L-H-S scheme be applied 
to biodiversity-ecosystem functioning as a means to standardize functional 
diversity. Since diversity in plant strategy manifested as functional trait attributes is 
the driving mechanism in which plant diversity affects ecosystem processes and in 
which plant communities respond to environmental perturbation, a generalized 
index that quantifies plant strategy in a standardized way has the potential to 
explain a variety of ecological phenomenon. Following the suggestion of Garnier and 
Navas (2011), I propose that root traits be added as the fourth dimension to the 
scheme. Given the small amount of literature linking root traits to above ground 
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traits (Tjoelker et al. 2005), below ground processes should be treated as a separate 
axis. Furthermore, several tradeoffs have been identified in root traits such as 
between water and nutrient uptake (Ho et al. 2005), uptake rate and efficiency 
(Berntson 1994), root length and the total capacity for water uptake (Zwieniecki et 
al. 2003) and root longevity and root growth rate (Roumet et al. 2006, Craine 2009, 
Freschet et al. 2010). However, to better understand the effect of root traits on plant 
strategy, more work is needed linking root traits to key root functions such as 
nutrient acquisition, anchoring, and rhizopheric activity and investigating 
correlations between above and below-ground plant traits. Using a pair-wise 
distance index, functional diversity should be calculated giving equal weighting to 
each of the four axes of the L-H-S-(R) scheme, either a single trait, or a combination 
of correlated traits relating to that axis. These four axes capture traits hypothesized 
to provide the mechanisms of niche complementarity, facilitation and selection as 
well as capturing plant strategy more generally. Although it is undeniably useful to 
refine this index to include only the traits related to the mechanisms responsible for 
the predicted diversity effect, this standardized measure could provide a basis of 
comparison between systems and an objective starting point for biodiversity-
ecosystem functioning studies with plants. 
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CHAPTER III : 
 PARTITIONING THE EFFECT OF TREE DIVERSITY ON 





Although the effect of plant diversity on litter decomposition has been well studied 
in recent years, results remain difficult to generalize. This may be because of a 
number of discrepancies in which plant diversity is understood and quantified. In 
this chapter we test a variety of aspects of plant diversity and plant functional 
properties on litter decomposition and soil respiration. This chapter was co-
authored by Bill Shipley, Etienne Low-Décarie, Cornelia M. Tobner, Alain Paquette, 
Christian Messier and Peter Reich. My contribution to this chapter is major. Along 
with my supervisor, Bill Shipley, I was involved in creating the basic questions and 
hypotheses of the experiment and in developing the experimental design. I was 
principally responsible for data collection, data analysis and the composition of the 
manuscript. Bill Shipley, the second author, was involved throughout, developing 
the initial question and providing guidance throughout the entire processes. Etienne 
Low-Décarie, the third author was involved in early discussions pertaining to the 
experimental design and helped elaborate the experiment. He helped with technical 
aspects of data collection and analysis, and revised the manuscript. Cornelia M. 
Tobner, Alain Paquette and Christian Messier and Peter Reich were among those 
responsible for the creation and uptake of the experimental system in which our 
decomposition experiment took place. These authors provided guidance throughout 
and provided valuable comments on the manuscript. This article has been submitted 
to the journal Ecology for publication. 
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Abstract 
 
The decomposition of plant material is an important ecosystem process influencing 
both carbon cycling and soil nutrient availability. Quantifying how plant diversity 
affects decomposition is thus crucial for predicting the effect on ecosystem 
functioning of the global decline in plant diversity. Diversity in both the litter mass 
to be decomposed and in the host plant community could affect the decomposition 
process. Using a biodiversity experiment with tree species, we tested the effects of 
the functional diversity and identity of the decomposing litter as well as that of the 
living plants above them on rates of litter decomposition and soil respiration. Plant 
traits, predominantly leaf chemical and physical traits, predicted mixed-species 
decomposition processes. Earlier stages of surface litter decomposition, quantified 
by mass loss in litterbags, were best explained by species mean trait values 
(functional identity) providing support for the mass-ratio hypothesis. In contrast, 
soil respiration, which includes latter stages of decomposition and root respiration, 
was best predicted by trait variances (functional diversity). This research provides 
insight into the effect of loss of tree diversity in forests on soil processes. Such 
understanding is essential to predict changes in the global carbon budget brought 
on by biodiversity loss. 
 
Keywords: litter decomposition, soil respiration, biodiversity-ecosystem 
functioning, mass-ratio hypothesis, functional diversity, functional identity, 
functional effect traits 
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Introduction 
 
Human activity is causing biodiversity to decline globally at unprecedented rates 
(Butchart et al. 2010). Concern that this may impair the functioning of ecosystems 
has stimulated 20 years of research investigating the relationship between 
biodiversity and key ecosystem processes (Hooper et al. 2005, Cardinale et al. 2012, 
Balvanera et al. in press). Increasing the number of species (“taxonomic richness”) 
in a given ecological community should increase its efficiency to take up resources 
and convert them into biomass. This central hypothesis of biodiversity-ecosystem 
functioning research has received support across several systems and trophic levels 
(reviewed in Cardinale et al. 2006). In terrestrial systems, where most research has 
focused, increased plant taxonomic richness often leads to increased primary 
productivity (Hector 1999, Tilman et al. 2001, Balvanera et al. 2006, Cardinale et al. 
2011).  
 
Up to 90% of terrestrial plant biomass will eventually enter the decomposition 
process (Cebrian 1999). Its decomposition is a key ecosystem process that recycles 
mineralized nutrients to plants and returns photosynthetically fixed carbon to the 
atmosphere. Since soil respiration accounts for more than ten times the amount of 
CO2 released by the burning of fossil fuels (Schlesinger and Andrews 2000), even 
relatively minute changes in litter decomposition rates could affect the global 
carbon cycle. These factors have combined to attract attention to the effect of plant 
taxonomic richness on decomposition (Gartner and Cardon 2004, Hättenschwiler et 
al. 2005, Gessner et al. 2010). Given that the balance between decomposition and 
net primary productivity essentially determines forest carbon sequestration, 
experimental tree plantations manipulating tree biodiversity have been used to 
uncover the effects of tree taxonomic richness on carbon flux rates with the aim of 
informing management decisions on the use of tree plantations as carbon sinks 
(Potvin et al. 2011, Hulvey et al. 2013). 
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Although taxonomic richness is the commonly used metric of diversity, it is 
generally thought to be inadequate (Hooper et al. 2002). Species composition and 
the presence/absence of certain functional groups often strongly affect ecosystem 
processes (Hooper et al. 2005, Cardinale et al. 2012), indicating that it is more likely 
the functional properties of species that influence ecosystem functioning. There are 
two main functional properties of plant communities that should be distinguished: 
the average values of plant properties across species (“functional identity”) and the 
diversity of such properties (“functional diversity”). Grime’s (1998) mass-ratio 
hypothesis states that the contribution of each species to an ecosystem process 
should be proportional to its abundance in the community and mediated by the 
average value of its phenotypic properties (functional traits). Garnier et al. (2004) 
re-formulated the mass-ratio hypothesis in terms of community-weighted mean 
trait value (CWM), explicitly relating functional traits to ecosystem processes. A 
CWM trait value is the product of the average trait value of each species and its 
relative abundance, summed across species in a community. The degree of variation 
in functional traits around the CWMs (functional diversity) is important because 
traits may interact to cause non-additive effects on ecosystem process. If these 
interactions are primarily synergistic, then a greater variability of traits (functional 
diversity) should disproportionally increase ecosystem process rates.  
 
In natural systems, the effect of plant functional properties on litter decomposition 
can be broken down into two components: (i) the functional properties of the litter 
influencing decomposition directly, and (ii) the functional properties of the living 
host plant community influencing litter decomposition indirectly by altering the 
biotic and abiotic properties of the decomposition microenvironment (Figure 8). 
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Figure 8. A partition of the possible effects of plant community structure on primary 
decomposition and soil respiration. 
 
Effect of litter composition and diversity 
  
It is possible that both the average functional properties of litter mixtures and the 
variation in such properties are important for decomposition (Figure 8). Mono-
specific litter decomposition rates are strongly controlled by litter quality 
determined by physical and chemical traits of living leaves (Swift et al. 1979, Aerts 
1997, Cornwell et al. 2008). Traits of both living and dead leaves can be used to scale 
up from species to communities using CWMs to predict decomposition rates of litter 
mixtures (Garnier et al. 2004, Cortez et al. 2007, Quested et al. 2007, Kazakou et al. 
2009), where litter mixtures with CWMs of leaf traits associated with fast resource 
uptake and rapid plant growth often exhibit accelerated decomposition. The effect 
of litter diversity on decomposition remains more elusive. Litterbag experiments 
comparing mixed-species decomposition rates to those of the monocultures of the 
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component species commonly document interactions between species that lead to 
non-additive decomposition dynamics in mixtures (Wardle et al. 1997, Gartner and 
Cardon 2004, Tardif and Shipley 2013). However the direction and magnitude of 
these interactions are difficult to predict. Meta-analyses have revealed that in 
terrestrial systems synergistic and antagonistic interactions are equally common, 
and that rates of litter decomposition are largely independent of litter taxonomic 
richness (Srivastava et al. 2009, Cardinale et al. 2011). Several mechanisms have 
been proposed to explain these synergistic and antagonistic effects of litter-mixing 
on decomposition including the transfer of nitrogen between litter types alleviating 
decomposer nutrient limitation, the release of secondary compounds such as 
polyphenols and tannins that retard decomposition, increased physical microhabitat 
complexity and interactions across trophic levels between decomposers, meso- and 
macro-fauna (Hättenschwiler et al. 2005). Given that these mechanisms depend 
ultimately on qualitative differences between species in the physical properties of 
their litter, and not on the number of species in the mixture, functional properties of 
litter mixtures have the potential to influence litter decomposition more strongly 
(and perhaps predictably) than simply taxonomic richness. 
 
Despite the common use of traits in biodiversity-ecosystem functioning research, 
functional diversity has only recently been applied to mixed-species litter 
decomposition by Epps et al. (2007) who proposed the use of a multidimensional 
diversity index using litter chemistry traits to explain decomposition. There is 
growing evidence that litter functional diversity may indeed increase decomposition 
rates by providing a more stoichiometrically heterogeneous substrate for 
decomposers and detritivores (Meier and Bowman 2008, 2010, Hättenschwiler and 
Jørgensen 2010, Hättenschwiler et al. 2011). 
 
Effect of the plant host community 
 
The diversity of the litter on its subsequent decomposition dynamics is only half of 
the story. For instance, impacts of the plant community on the soil 
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microenvironment can influence decomposition, either directly via influencing 
microbial function, indirectly by altering soil communities, or both. However, the 
effect of the diversity of the plant community that produces the litter remains 
largely unexplored. In order to control for variation in soil conditions and 
environmental factors, the vast majority of studies investigating the decomposition 
of mixed-species litter have either been common garden or laboratory microcosm 
experiments, which both isolate only the direct effect of litter diversity and exclude 
the indirect effects of the plant host community on the decomposition 
microenvironment. Increased diversity of the host plant community could improve 
the decomposition microenvironment in a number of ways. Plant species identity 
and diversity have been shown to influence the composition of soil bacterial 
(Stephan et al. 2000, Grüter et al. 2006), fungal (Bell et al. 2009) and macro-faunal 
(Wardle et al. 2006, Cesarz et al. 2007) communities that in turn drive 
decomposition rates (Gessner et al. 2010). By increasing the diversity of long-term 
nutrient input and belowground physical complexity, above-ground plant diversity 
may promote below-ground diversity (Stephan et al. 2000, Zak et al. 2003, 
Balvanera et al. 2006, Aubert et al. 2010, Scherber et al. 2010) which could further 
influence decomposition rates through resource-use complementarity or other 
interactions of decomposers and detritivores. Furthermore, if plant diversity 
increases both above- and below-ground plant productivity, increased leaf and root 
litter input to the soil could subsidize a larger microbial biomass and increase 
decomposition rates. Some studies have found increased microbial biomass or soil 
respiration with increasing plant diversity (Chung et al. 2007, Eisenhauer et al. 
2010).  
 
Very few studies exist which explicitly test the indirect effect of the diversity of the 
host plant community on litter decomposition, and consistent with theoretical 
predictions, nearly all report a positive effect (Hector et al. 2000, Knops et al. 2001, 
Carney and Matson 2005, Chapman and Koch 2007, Vivanco and Austin 2008, 
Scherer-Lorenzen 2008, Barantal et al. 2011). There is a strong bias in these studies 
towards herbaceous species. Despite the fact that forests contribute 53% of global 
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soil respiration (Raich and Schlesinger 1992), the effect of host tree diversity on 




Litterbag experiments are the most common method of quantifying litter 
decomposition but they can produce biased estimates of natural decomposition 
rates by isolating only a fraction of the entire decomposition process. Litterbag 
experiments rarely last for longer than a season or two, capturing early rapid decay 
rates, whereas litter continues to breakdown for several more years, often following 
much slower trajectories (Harmon et al. 2009). Similarly, the further breakdown 
and assimilation of fine particulate matter after litter particles have left the litterbag 
is excluded from decomposition estimates using litterbags. Measuring soil carbon 
flux is another proxy of litter decomposition (Raich and Schlesinger 1992) that does 
not suffer from the above weaknesses, although it includes its own biases since 
processes not related to organic matter decomposition (root respiration, respiration 
by microbes of plant exudates and soil algal photosynthesis) are included in this 
measure. We use both approaches, which allows us to harness their respective 
strengths to produce a more complete understanding of the decomposition process 
and how it is influenced by diversity. We use litterbags to estimate the initial phase 
of surface decomposition (“primary decomposition”) where litter is broken down by 
mostly detritivores to pieces small enough to escape the litterbag, and we use soil 
CO2 flux on bare soil to estimate soil respiration which includes the later stage of 
decomposition where mostly micro-organisms (bacteria and fungi) further reduce 
this particulate organic matter and mineralize it into basic inorganic molecules. 
 
We used a biodiversity experiment with tree species that manipulates both 
taxonomic (1, 2, 4 and 12 species) and functional tree diversity, and enables 
independent tests of each, to assess the effect of both on rates of primary 
decomposition and soil respiration. We quantified independently both the direct 
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effect of diversity via the litter and the indirect effect of diversity via the host tree 
community. Primary litter decomposition is measured with litterbags and soil 
respiration is measured with CO2 flux rates. Four main questions governed our 
experiments: 
 
 Q1. Does the taxonomic richness of the litter and/or host tree community 
increase rates of litter decomposition? 
 Q2. Are functional components of diversity better predictors of litter 
decomposition than taxonomic richness? 
 Q3. Are the average values of plant traits (CWMs) better predictors of litter 
decomposition than their variances (functional diversity)? 
 Q4. Do the same non-additive effects of diversity control primary 







The experiment, a part of the International Diversity Experiment Network with 
Trees (IDENT) linked to TreeDivNet was located at McGill University (Sainte-Anne-
de-Bellevue, Quebec, Canada, 45.5° N, 73.9° W). The experiment was established in 
spring 2009 on a former agricultural field. One-year old angiosperm and two-year 
old gymnosperm seedlings from a species pool of 12 North American temperate tree 
species (Table 1) were used to create 37 different tree communities, each replicated 
in 4 blocks. Tree communities, ~ 4 by 4 meters, consisted of 64 individual trees, and 
were separated by 1.25 m corridors to reduce interactions between communities 
and allow movement of personnel and equipment without disturbing the plots. 
These corridors were trenched with a 30 cm incision during the summer in 2011 
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and 2012 to prevent roots from neighboring communities from interacting. Species 
combinations were chosen in order to create two independent gradients of 
taxonomic richness and functional diversity. To enable tests of functional diversity 
effects while holding taxonomic richness constant, communities were established 
with large and comparable gradients of functional diversity within each level of 
taxonomic richness. At the beginning of the present experiment (spring 2012), 
individuals (averaged by species) varied in height from 1.32 m (Picea glauca) to 
4.14 m (Betula papyrifera). Each block consisted of 12 monoculture communities, 14 
two-species mixtures, ten four-species mixtures and one twelve-species mixture. 
Component species of each mixed-species community were planted in equal 
frequency. Individual tree location within a community and community location 
within a block were randomized with restrictions to prevent the clumping of species 
and to maintain the same diversity in both the outside perimeter row (i.e. a buffer) 
and the inside 6x6 tree grid. Communities were periodically weeded to maintain 
desired composition and diversity. 
 
Table 1. Tree species included in the experiment. 
Species Name 
Abies balsamea, (L.) Mill. (Balsam Fir) 
Acer rubrum, L. (Red Maple) 
Acer saccharum, Marsh (Sugar Maple) 
Betula alleghaniensis, Britton (Yellow Birch) 
Betula papyrifera, Marsh (Paper Birch) 
Larix laricina, (Du Roi) K. Koch. (Tamarack) 
Picea glauca, Voss (White Spruce) 
Picea rubens, Sarg. (Red Spruce) 
Pinus resinosa, Ait. (Red Pine) 
Pinus strobus, L. (Eastern White Pine) 
Quercus rubra, L. (Northern Red Oak) 
Thuja occidentalis, L. (Eastern White Cedar) 
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Primary decomposition using mass loss in litterbags 
 
We performed two litterbag experiments to assess the effect of tree diversity on 
decomposition. 1) The “home litter” experiment measured the decomposition rate 
of litter produced by its own host community, where the species represented in the 
litter were the same as those present as trees. Because both the litter and the host 
tree community matched, this experiment tested the combined effect of litter 
diversity and the diversity of the host trees on litter decomposition. 2) The 
“common litter mixture” experiment isolated the effect of the diversity of the host 
community on the decomposition microenvironment by measuring the 
decomposition rate of a single, common litter mixture decomposing in different tree 
communities.  
 
1. Home litter experiment 
 
Recently senesced leaf litter for each of the 12 species was collected in the 
experiment’s monoculture plots in mid-October 2011, immediately dried at 60oC for 
three days to stop decomposition processes, and then stored in the dark at 20C. For a 
given tree community we then constructed litter mixtures consisting of an equal dry 
mass of each component species to have an overall mass of 2.0 g regardless of the 
number of species included. These mixtures were placed in fiberglass mesh (2 mm) 
litterbags (15cm x 15cm). Petioles were removed from the leaves prior to weighing 
and not included in the bags. Litterbags were placed in the plantation tree 
communities in mid April 2012. In each block, four identical litterbags to be 
destructively harvested at four different dates were placed in each tree community 
with the corresponding species combination directly onto the soil surface. The four 
bags were harvested at four different dates. In total there were 592 litterbags (4 
blocks x 37 communities/block x 4 bags/community). Each litterbag was placed in 
the center of a square created by four trees. Location within tree communities was 
chosen at random from the 25 possible sites after the outer perimeter was excluded. 
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Macro- and meso-fauna including earthworms and mites were observed inside 
litterbags. Litterbags were destructively harvested 28, 59, 124 and 184 days after 
incubation. Upon harvesting, samples were first gently washed to remove soil and 
then immediately dried at 60oC for 3 days to prevent further decomposition. Bags 
were then opened to remove all contamination and the remaining leaf litter was 
weighed. Percent dry mass remaining was calculated for each individual bag. 
Decomposition rates (k in g g-1d-1) were estimated for each of the 4 blocks of each 
tree community. This was done by fitting the least-squares regression slope of ln(% 
dry mass remaining(t)) on time separately for each block and community, thus 
assuming a negative exponential decay of dry mass (Olson 1963).  This resulted in 
37 x 4 = 148 independent estimates of k for home litter. 
 
2. Common litter mixture experiment 
 
This experiment used a common litter mixture containing equal parts dry mass Acer 
saccharum (Marsh), Acer rubrum (L.), Quercus rubra (L.) and Betula papyrifera 
(Marsh). By including a combination of litter species with a diversity of physical and 
chemical traits we expected to increase the likelihood of observing resource use 
complementarity among decomposers and detritivores due to a larger total niche 
space (potentially decreasing niche overlap) and increased physical microhabitat 
diversity. Newly senesced leaf litter of these four species was collected in mid-
October 2011 from natural monoculture stands in the Morgan Arboretum of McGill 
University, adjacent to the experiment. This common litter mixture was placed in all 
monoculture and four-species tree communities. Litterbags were constructed, 
installed and harvested, and decomposition rates estimated following the same 
protocol as the home litter experiment. In total there were 352 litterbags (4 blocks x 
22 communities/block x 4 bags/community). This resulted in 22 x 4 = 88 
independent estimates of k for common litter. 
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Soil respiration as CO2 flux 
 
Soil CO2 flux was measured using the closed-chamber technique (Rolston 1986) 
with a portable infrared gas analyzer, (IRGA, EGM-4 by PPsystems Inc., Amesbury, 
USA). One series of flux measurements was taken for each tree community in each 
block, using the same sampling design as described in the home litter experiment. 
One location was randomly chosen per community per block, leaves and debris 
cleared away and a 372ml chamber was placed directly on a 100cm2 patch of soil 
surface. CO2 evolution was measured over an 8-minute period with readings taken 
every 30 seconds. One block was measured per day, with the order of communities 
within blocks randomly selected. All measurements were taken between the 11th 
and 14th of July, 2012 during a period without rain, and with a 10.5oC range in air 
temperature during measurements. CO2 flux was modeled with an exponential 
function based on simple diffusion theory as described by Nakano et al. (2004). CO2 
flux values (µmolCO2m-2s-1) were estimated as the least-squares regression slope of 
ln(chamber headspace[CO2]) over the 8 minute period (ie.16 time intervals). Again, 




For each species in monoculture, we measured physical traits of living leaves and 
chemical traits of newly senesced leaf litter. Water-saturated leaf dry matter content 
and specific leaf area of living leaves were measured using a standardized protocol 
(Garnier et al. 2001). Average values were calculated for each species from 36 
measurements: 3 leaves from 3 individuals from 4 blocks. Total litter carbon and 
nitrogen contents of newly senesced leaves were measured by high temperature 
combustion (9600C) followed by thermo-conductometric detection using a Vario 
Macro elementar multi-element analyzer (Elementar Analysensysteme, Hanau, 
Germany). Average values for each species were calculated from three replicate 
measurements of ground and mixed plant material collected from numerous 
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individuals in all blocks. Values for a set of an additional 11 morphological, chemical 
and growth traits were obtained for each species from published sources (Paquette 
and Messier 2011). These were maximum height, growth rate, leaf size, wood 
density, wood decay resistance, root habit, root diameter, (living) leaf nitrogen 
content, leaf longevity and leaf mass per area. 
 
Calculation of functional diversity and community-weighted traits 
 
Although it is generally thought that functional diversity should yield more 
informative results than taxonomic richness in biodiversity-ecosystem functioning 
research, there is no consensus on how functional diversity should be measured 
(Schleuter et al. 2010). To test the hypotheses that plant functional diversity 
increases decomposition rates we calculated several diversity indices a priori, and to 
help identify mechanisms responsible for these biodiversity effects, we developed 
indices a posteriori using the trait combinations that best predicted decomposition. 
We used Laliberté and Legendre’s functional dispersion (2010) index that measures 
multivariate functional diversity as an abundance-weighted pair-wise distance 
between species traits and is closely related to the commonly used Rao’s quadratic 
entropy (Rao 1982). To capture the effects of both litter diversity and that of the 
host community on decomposition processes, we calculated functional dispersion 
using five different a priori combinations of traits, (Table 2). Following the 
suggestion of Epps et al. (2007), index I includes all litter chemistry traits 
representing litter chemical diversity. Since variation in leaf morphology could also 
influence decomposition by providing a more complex physical habitat for the 
decomposer/detritivore community, index II was calculated including all leaf 
morphological traits. Index III combined all leaf and litter traits. Traits involved in 
the indirect diversity effect, i.e. those of the host plants on the decomposition 
microenvironment, are more difficult to identify. In addition to traits related to 
nutrient input to the soil community, traits relating to nutrient uptake as well as 
traits involved in modifying abiotic conditions could be important. Because we had 
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no a priori expectations about the relative importance of such traits, and because 
there are potentially a very large number of such trait combinations, we constructed 
index IV with only tree growth and structural traits and index V with all root traits. 
Finally, functional dispersion was calculated for each trait separately to identify the 
relative importance of each trait on an effect of functional diversity on 
decomposition processes.  
 
Table 2. Summary of our a priori functional diversity (FD) indices. 
Functional Trait FD I FD II FD III FD IV FDV 
Litter Nitrogen Content ×  ×   
Litter Carbon Content ×  ×   
Leaf Nitrogen Content   ×   
Leaf Mass Area  × ×   
Leaf Dry Matter Content  × ×   
Specific Leaf Area  × ×   
Leaf Size  × ×   
Leaf Longevity  × ×   
Max Height    ×  
Growth Rate    ×  
Wood Density    ×  
Wood Decay Resistance    ×  
Root Habit     × 
Root Diameter     × 
 
CWMs of traits were calculated for each community in each block as the product of 
the average trait value of a species and its relative abundance in the community, 
summed across all species in the community. Both community-weighted traits and 
functional diversity were weighted by species’ relative abundance in the 
community. Relative abundance of each species in each community in each block 
was estimated by measuring stem volume (tree height x diameter at 5cm) for each 
tree in the experiment during summer 2012. 
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Statistical analysis 
 
Calculation of predicted values and deviances from predicted values 
 
We calculated predicted values of mixture decomposition rates based on the litter 
types decomposing in monoculture. If ki is the monoculture decomposition rate of 
species i and pij is its relative abundance in litter mixture j, then the predicted 
decomposition rate in mixture j, ( jk

) implied by the mass-ratio hypothesis is 
. These predicted values therefore assume no interactions between 
species (litter types decompose identically whether in monoculture or mixtures,) 
and serve as a null hypothesis when testing for a diversity effect. We calculated 
these predicted decomposition rates for all litter mixtures of our home litter 
experiment from monocultures, and calculated predicted soil CO2 fluxes in all 
mixed-species communities using the same approach. We also calculated predicted 
decomposition rates of the common litter mixture in each mixed species tree 
community from the common litter mixture decomposing in the component 
monoculture tree communities. These predicted values were calculated separately 
for each block to maintain statistical independence. For all mixed-species 
communities in all blocks, and for each response variable (home litter k, common 
litter mixture k, and soil CO2 flux,) the deviance from the predicted value (DFP) was 
calculated as the difference between predicted and observed values. Hence, a 





For both decomposition experiments and for CO2 flux, to test if there were 
differences in either k-values or CO2 flux rates between communities, we used 
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ANOVAs with community identity as the single factor. Because our common-litter 
mixture experiment only had two levels of host community taxonomic richness (1 
and 4,) we determined if the mixture decomposed faster in the 4-species 
communities than would be predicted from monocultures by comparing the overall 
average DFP of 4-species communities to the null hypothesis of DFP = 0 using a one-
sample, one-tailed t-test. Since in our other experiments we had several levels of 
taxonomic richness and many different communities within each level of taxonomic 
richness, we fitted mixed model regressions with the calculated CO2 flux or k-value 
of each block of each community as the dependent variable and the taxonomic 
richness of the community as the fixed factor to test the effect of taxonomic richness 
on home litter decomposition and CO2 flux. Community identity was used as a 
random covariate to remove the effect of species composition. Intercepts were 
allowed to vary between communities but slopes were fixed. A fixed slope estimate 
different from zero was evidence that these dependent variables changed with 
taxonomic richness. Identical mixed-model regressions were performed to test the 
effect of functional diversity on home litter decomposition and CO2 flux. Since values 
of functional diversity are zero for monocultures, these communities were excluded 
from all analyses testing the effect of functional diversity. To test if functional 
diversity increased k-values and CO2 flux independently of taxonomic richness, we 
fitted identical mixed model regressions within each level of taxonomic richness. To 
identify the relative contribution of different traits to a biodiversity effect, we 
performed stepwise deletion of explanatory trait variances in a regression model. As 
in the previous analysis, community identity was included as a random factor. An 
identical procedure of stepwise deletion was used to test the effect of CWM traits on 
our response variables. Block was initially included in all mixed models as a fixed 
factor, but was in all cases non-significant and so was removed. Values of “marginal 
R2”, the proportion of the variance explained by the fixed factor alone (Nakagawa 
and Schielzeth 2013), were calculated for each fixed factor of our mixed-models. 
 
To assess the predominance of non-additive effects in litter mixtures for the home 
litter experiment, we compared the average DFP of each mixture to the null 
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hypothesis of DFP=0 with a 2-tailed t-test, using the values from the 4 blocks as 
replicates. This gave 25 separate t-values (i.e. 25 multi-species communities). We 
used a Bonferonni correction given a significance level of 0.05. To test if these 
differences between the observed decomposition rates of the mixed-species 
communities and those predicted by the mass-ratio hypothesis were on average 
synergistic or antagonistic, we compared the overall average DFP to zero using a 
one-sample, two-tailed t-test. We used a two-sample one-tailed t-test to test if DFPs 
were greater in 4-species communities than 2-species communities. The same tests 
were performed for soil CO2 flux.  
 
All statistics and figures were generated with R v. 0.97.306 (R Development Core 
Team 2011). Linear regressions were performed using the lm function and mixed 





Common litter mixture 
 
Our common litter mixture experiment was designed to isolate the effect of the 
diversity of the host community on the decomposition microenvironment by 
manipulating only the composition of the tree community and its associated 
decomposition microenvironment while keeping the litter mixture fixed. This 
common litter mixture then decomposed in all monoculture and four-species tree 
communities (22 communities in total, replicated four times). By the end of the 
experiment (184 days), remaining litter dry mass (averaged by block) ranged from 
47.3-76.1 % of initial values, with a mean of 59.3%. The decomposition rates of this 
single litter mixture differed between tree communities (F21,66 = 2.14, p = 0.01) 
showing that the composition of the tree community affected litter decomposition 
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rates independently of differences in the litter itself. On average, the common litter 
mixture decomposed 9% faster in four-species tree communities than would be 
predicted from the same mixture decomposing in component monoculture tree 





Our home litter experiment combined the effects of the diversity of both the litter 
and of the host tree community on decomposition process by decomposing each 
unique litter mixture in its own natural tree community. This experiment involved 
monoculture, 2-species, 4-species and 12-species communities. By the end of the 
experiment, remaining litter dry mass (averaged by block) ranged from 50.1-80.2 % 
of initial values, with a mean of 64.5% (similar to the common litter experiment). 
There was again a significant difference in decomposition rates between the 37 
communities (F35,107 = 2.41, p = 0.0003).  
 
Effect of diversity on decomposition 
 
These differences between communities were however not convincingly related to 
our a priori measures of diversity. Taxonomic richness did not affect litter 
decomposition rates based on the mixed-model regression (fixed slope = 1.36x10-5, 
t106 = 0.34, p = 0.74) nor were any of our a priori indices of functional diversity 
related to decomposition (Table 3). Decomposition did increase with increasing 
litter chemical diversity, although this result did not obtain significance at the 5% 
threshold (p = 0.08). Our a priori index of litter chemical diversity was based on two 
traits: litter initial nitrogen content and litter initial carbon content. When the 
diversity of each trait was tested separately, we found a strong positive effect of the 
diversity of litter nitrogen on decomposition rates (fixed slope = 7.08x10-4, t74 = 
3.71, p = 0.0004), but not of litter carbon (t74 = 0.49, p = 0.63). We next tested the 
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effect of litter chemical diversity (based only on nitrogen) on decomposition rates 
within each level of taxonomic richness. Litter decomposition increased with 
increasing diversity of litter nitrogen for two-species communities (fixed slope = 
1.011x10-3, t42 = 4.05, p = 0.0002), but not for four-species communities (fixed slope 
= 2.09x10-4, t30 = 0.45, p = 0.66). 
 
Table 3. Correlations between functional diversity (FD), litter decomposition rates 
(measured as litter mass loss) and soil respiration (measured as soil CO2 flux). FD 




Litter Mass Loss Soil CO2 flux 
p value R
2
 slope p value R
2
 slope 
FD I 0.08 0.05 3.8x10
-4
 <0.001 0.10 5.5x10
-4
 
FD II 0.74 0.01 6.2x10
-5
 <0.001 0.12 4.8x10
-4
 
FD III 0.34 0.02 1.3x10
-4
 <0.001 0.15 4.0x10
-4
 
FD IV 0.27 0.02 -1.6x10
-4
 <0.001 0.14 4.0x10
-4
 
FD V 0.13 0.02 -3.6x10
-4




We next asked if the differences between the observed decomposition rates of the 
mixed-species communities and those predicted by the biomass-ratio hypothesis 
had any general tendency to be synergistic or antagonistic. The average DFP of all 
mixtures did not differ significantly from 0 (t24 = 1.36, p = 0.18) indicating that 
overall, litter mixtures didn’t decompose faster or slower than what would be 
predicted from monocultures. Furthermore, non-additivity of species effects was 
rare (Figure 9). Only 3 of the 25 mixtures’ DFPs were significantly different from 0 
at the 5% level using separate t-tests with blocks serving as replicates and, using a 
Bonferroni correction, none differed significantly from zero.  
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Figure 9. Observed values of k in mixed-species communities (2,4 and 12) as a 
function of the values predicted by the mass-ratio hypothesis. Each point is the average 
of four replicates +/- SE.  Points above the 1:1 line imply synergistic interactions 
between species whereas points below the 1:1 line imply antagonistic interactions. 
 
Effect of community-weighted-mean values of traits on decomposition 
 
Decomposition of litter in its home community was however related to several 
CWMs of litter traits (Table 4). Since many traits were strongly correlated with each 
other, we simplified a multiple regression model until all traits obtained 
significance. Decomposition rates were positively correlated with CWM litter 
nitrogen content (fixed slope = 9x10-5, t110 = 4.00 p = 0.0001) and negatively 
correlated with CWM litter carbon content (fixed slope = -1x10-5, t110 = 5.46 p = 
0.0000003), with these two traits together explaining 27% of the total variation, 
(Figure 10). 
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Table 4. Effect of individual trait means (CWM) and variances (FD) on litter 
decomposition and soil respiration. Significant effects are represented with arrows. 
 
Functional Trait Litter Mass Loss Soil CO2 Flux 
CWM FD CWM FD 
Litter Nitrogen Content ↗ ↗  ↗ 
Litter Carbon Content ↘   ↗ 
Leaf Nitrogen Content ↗   ↗ 
Leaf Mass Area 
 
↘   ↗ 
Leaf Dry Matter Content     
Specific Leaf Area ↗   ↗ 
Leaf Size ↗   ↗ 
Leaf Longevity     
Max Height    ↗ 
Growth Rate   ↘  
Wood Density ↗   ↗ 
Wood Decay Resistance ↘   ↗ 
Root Habit    ↗ 
Root Diameter ↘    
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Figure 10. Correlations between community-weighted mean (CWM) traits and 
decomposition rates of natural litter in all communities. a) Decomposition rates 
significantly decreased with community-weighted mean litter carbon content 
(p<0.001) and b) increased with community-weighted mean litter nitrogen content 




  66 
Soil CO2 flux 
 
Effect of tree diversity on soil respiration 
 
Soil CO2 flux increased with both tree taxonomic richness (Figure 11) based on the 
mixed-model regression (slope = 1.32x10-4, t107 = 2.75, p = 0.007), and with all but 
one of our a priori indices of functional diversity (index V based on roots traits was 
not significant, Table 3). Over the 1-4 species range, CO2 flux increased by 1.65x10-4 
µmolCO2m-2s-1 per species added, (an 8.2% increase per species from monoculture 
rates.) On average, 2-species communities had flux rates 4% higher, 4-species 26% 
higher, and 12-species 23% higher than monocultures. The average DFP of all 
mixtures was significantly greater than 0 (mean = 0.0003, t24 = 4.09, p = 0.0002) 
indicating an overall presence of synergistic interactions between tree species in 
their effect on soil CO2 flux. Furthermore, these synergistic interactions increased in 
strength with diversity, as DFPs increased with several a priori indices of functional 
diversity, (FD I, II and IV, Table 5), and were greater for 4-species communities than 
for 2-species communities (t21 = 2.52, p = 0.01). To identify the traits responsible for 
this biodiversity effect we tested the effect of functional diversity on soil CO2 flux for 
each trait separately. Increasing diversity of several litter and tree traits increased 
rates of soil CO2 flux (Table 4). Since many of these trait variances were strongly 
correlated with each other, we simplified a multiple regression model until all 
remaining traits were significant. Litter initial nitrogen content and maximum 
height were the two traits whose variance best explained soil CO2 flux in our 
multiple regression. 
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Figure 11.  Soil CO2 flux increases with tree taxonomic richness. The upper and lower 
hinges of the box correspond to the first and third quartiles and the band inside marks 
the median. The whiskers extend from the hinge to the highest and lowest values that 
are within 1.5 x IQR of the hinge, where IQR is the inter-quartile range, or distance 
between the first and third quartiles. Data beyond the end of the whiskers are outliers 
and plotted as points.  
 
Table 5. Correlations between different functional diversity (FD) indices and the DFP 
(deviance from predicted values) of soil CO2 flux in mixed species communities.  
 
FD Index 
DFP (Soil CO2 Flux) 
p value  R
2
 slope 
FD I 0.03 0.02 3.1x10
-4
 
FD II 0.09 0.03 2.4x10
-4
 
FD III 0.05 0.04 2.0x10
-4
 
FD IV 0.04 0.04 2.2x10
-4
 
FD V 0.09 0.03 3.1x10
-4
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To evaluate which type of diversity had a stronger effect on CO2 flux, we compared 
our best performing functional diversity index (using only litter initial nitrogen 
content and maximum height) with taxonomic richness using two identical 
regression models of CO2 flux on each type of diversity. Functional diversity had a 
larger effect on CO2 flux (slopes = 5.82x10-4 vs. 1.32 x10-4), was more strongly 
correlated (marginal R2 = 0.16 vs. 0.07) and obtained a higher level of significance (p 
= 0.00004 vs. p = 0.007) than tree taxonomic richness. Using a t-test to compare the 
slopes of the two models (Zar 2010), functional diversity increased soil CO2 flux 
significantly more than did taxonomic richness (t244 = 3.77, p = 0.0001). We next 
tested the effect of functional diversity on soil CO2 flux within each level of 
taxonomic richness. Soil CO2 increased with increasing functional diversity (again 
using our best performing index) for two-species communities (fixed slope = 
5.67x10-4, t42 = 3.69, p = 0.0006), but not for four-species communities (fixed slope = 
3.25x10-4, t30 = 0.95, p = 0.35). 
 
Effect of community-weighted traits on soil CO2 flux 
 
Soil CO2 flux was poorly correlated with CWM traits, correlated with only one of the 
14 traits tested, tree growth rate, (slope = -2.06x10-4, t110 = 2.49, p = 0.01) (Table 4). 
Since this correlation was weak (marginal R2 = 0.07), in the opposite direction of 
that provided in our a priori hypothesis, and since we can expect to find 1 significant 
correlation by chance for every 20 traits tested, we treat this result with caution. 
However, although fast plant relative growth rate is often associated with high litter 
quality and therefore rapid decomposition (Garnier and Navas 2012), a negative 
correlation between tree growth rate and soil respiration has also already been 
reported (Orwin et al. 2010). Soil CO2 flux was not correlated with decomposition 
rates of neither home litter (p = 0.23), nor the common litter mixture (p = 0.11). 
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Discussion 
 
Host community diversity and litter diversity 
 
In the common litter mixture experiment, taxonomic richness of the host tree 
community marginally increased decomposition rates of litter. However, when litter 
and host tree diversity were combined in the home litter experiment, this small 
diversity effect was lost, as we observed no effect of overall plant taxonomic 
richness on decomposition rates. Observed decomposition rates of litter mixtures 
did not differ from rates predicted from the addition of decomposition rates of 
individual components of the litter, either overall when averaged across mixtures or 
on average within mixtures. This suggests that litter mixtures in their home host 
community decompose in a way predictable from monoculture decomposition, 
supporting Grime’s mass-ratio hypothesis. 
  
The majority of mixed-species litterbag decomposition experiments in the literature 
present idiosyncratic (equally positive and negative) effects of litter taxonomic 
richness on decomposition. These idiosyncrasies may be related to experimental 
method as most of these experiments isolate the effect of litter diversity while 
ignoring the possible effect of the diversity of the host plant community. Studies that 
do include or isolate the effect of the host community on litter decomposition most 
often report a positive effect of plant diversity on decomposition (Hector et al. 2000, 
Knops et al. 2001, Carney and Matson 2005, Chapman and Koch 2007, Vivanco and 
Austin 2008, Scherer-Lorenzen 2008, Barantal et al. 2011). Our results are 
consistent with these trends, suggesting that synergistic interactions between plant 
species on litter decomposition may be stronger and more consistent for the 
decomposition microenvironment than for the litter. 
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Our home litter litterbag experiment showed no effect of litter taxonomic richness 
on surface litter decomposition rates. However, increasing chemical diversity of the 
litter mixture, namely the diversity of initial nitrogen content of leaves in the litter, 
increased decomposition rates. The important component of diversity was not the 
number of species but rather the phenotypic diversity of the species present. The 
importance of diversity in initial nitrogen content of leaf litter for decomposition 
may be explained by the presence of nitrogen transfer between litter types which 
has been suggested as an important mechanism of synergistic litter-mixing effects 
(Hättenschwiler et al. 2005, Gessner et al. 2010). When litter with varying nitrogen 
status decomposes in mixture, nitrogen from high quality litter can be transferred 
either passively (by leaching) or actively (by fungal hyphae) to lower quality litter, 
alleviating decomposer nutrient limitation and stimulating overall decomposition 
rates (Wardle et al. 1997, Schimel and Hättenschwiler 2007, Tiunov 2009). Meta-
analyses compiling more than 80 studies report idiosyncratic effects of litter 
taxonomic richness on decomposition rates in terrestrial systems (Srivastava et al. 
2009, Cardinale et al. 2011), whereas three of the four studies that tested the effect 
of litter chemical diversity on litter mass loss report a positive diversity effect 
(Meier and Bowman 2008, 2010, Hättenschwiler and Jørgensen 2010, Barantal et al. 
2011). Our results are consistent with these previously published findings. The 
relationship between litter taxonomic richness and litter chemical diversity can be 
positive, negative or idiosyncratic depending on the identity of the species included 
in the litter mixture (Epps et al. 2007). It is then perhaps not surprising that litter 
chemical diversity (with its direct link to synergistic mechanisms) and not 
taxonomic richness would increase decomposition rates. 
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Soil respiration 
 
In contrast to primary decomposition, we found a clear effect of tree taxonomic 
richness on soil respiration. CO2 flux increased by 8.2% per species added for the 
range from one to four species. The relationship saturates at low levels of diversity 
as our 12 species mixture had actually a slightly lower mean (yet higher median) 
value of CO2 flux than the 4 species mixtures (Figure 11). Saturation of the response 
is often observed for diversity-function relationships (Cardinale et al. 2012), but 
perhaps only in the very early states of community development (Reich et. al. 2012). 
However the fact that there was only one 12 species mixture per block makes it 
difficult to extrapolate about richness effects beyond four species. As we 
hypothesized, functional diversity further increased CO2 flux and was a better 
predictor than was taxonomic richness. All of our a priori indices of functional 
diversity, except that based on root traits, were positively correlated with soil CO2 
flux (Table 3). Interestingly, the a priori index that best predicted CO2 flux included 
only litter chemical traits, the same index that most accurately explained litter mass 
loss. Testing the effect of functional diversity, one trait at a time, the diversity of 10 
of the 14 available traits significantly increased soil CO2 flux rates (Table 4). The 
traits whose variances had the strongest effects on soil CO2 flux were all chemical 
and physical litter and leaf traits, in contrast to root, growth and structural traits, 
which had little predictive power. This suggests that repeated litter input to the soil 
is likely the main mechanism by which tree diversity increases soil respiration. 
Since leaf litter represents a major portion of energy and nutrients available to the 
decomposer community, and since leaf/litter functional traits determine litter 
quality, these traits capture important above-below ground interactions. Whereas 
plant taxonomic identity and the presence of key functional groups has traditionally 
been understood as the most important biotic determinants of soil biota community 
structure (Wardle et al. 2006, Wardle 2006), recent evidence suggests that plant 
taxonomic diversity, may be equally or more important (Eisenhauer et al. 2011a). A 
functionally diverse litter input with a large variation in chemical and physical 
properties has the potential to support both increased microbial activity and 
  72 
diversity by diversifying both trophic and spatial resources for decomposers 
(Hooper et al. 2000) and several recent experiments using experimental grasslands 
have reported increased microbial and faunal diversity and activity with increasing 
plant diversity (Chung et al. 2007, Eisenhauer et al. 2010, 2011a, 2011b, Scherber et 
al. 2010, Sabais et al. 2011).  
 
There is a wide range of estimates within and across systems of the relative 
contributions of individual processes to total soil CO2 flux (Raich and Schlesinger 
1992). Given that increased plant species richness often leads to increased 
aboveground biomass production, and that increased aboveground biomass would 
likely result in increased root biomass, it is possible that the increased soil CO2 flux 
we report is actually driven not by increased soil organic matter decomposition, but 
by increased root respiration. However, our results indicating that tree taxonomic 
richness increases the decomposition of a common litter mixture suggest there was 
indeed increased decomposer/detritivore activity in more taxonomically diverse 
tree communities. 
 




Whereas decomposition was poorly related to diversity and found to be positively 
correlated with variance in only one trait (litter initial nitrogen content,) 
decomposition was related to several trait specific CWMs (Table 4). The majority of 
these leaf traits are part of the leaf economic spectrum (Reich et al. 1997, Wright et 
al. 2004), a suite of traits that capture fundamental tradeoffs in plant resource-use 
strategy, which has been shown to be related to decomposition rates (Garnier et al. 
2004, Cortez et al. 2007, Quested et al. 2007). Testing the means and variances of 
these traits together in a multiple regression we identified CWM litter carbon and 
nitrogen concentrations as the two most important traits. Our litterbag experiment 
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shows that although the diversity of both the host community and of the litter can 
increase decomposition rates, it is the mean values of litter traits that best explain 




The opposite trend was found with respect to soil respiration since the diversity of 
tree and litter traits increased rates of soil CO2 flux, and not the CWMs of these 
traits. Given that the trees in our experimental plantation were young and still 
growing, it is likely that the trees had not had time to exhibit their full potential 
impact on the soil system. Working experimentally with trees poses several 
constraints and tradeoffs are inevitable. By planting trees in high density, we 
accelerated the importance of interactions between individuals, thus maximizing the 
potential to find a diversity effect, while however limiting the possible duration of 
the experiment. While the effects of functional properties of the decomposing litter 
on decomposition rates are manifested immediately, the effect of the trees on the 
decomposition environment should strengthen over time. We therefore predict that 
the observed effects of host tree diversity on the decomposition microenvironment 
and on soil respiration should increase as the system matures. 
 
Comparing responses of soil respiration and primary decomposition 
 
Mass loss in litterbags and soil CO2 flux measure two different components of the 
decomposition process. Mass loss in litterbags is dominated by the mechanical 
breakdown of surface litter during the earlier stage of decomposition, whereas soil 
CO2 flux (on bare soil) captures the decomposition of fine particulate matter (litter 
and root) that has already entered the soil. Litter decomposition is often broken 
down into these two stages (Melillo et al. 1989, Coûteaux et al. 1995); the first is 
characterized by rapid mass loss from the breakdown of soluble and labile 
compounds, whereas later stage is characterized by the much slower breakdown of 
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recalcitrant compounds, structural polymers and fibers. Given that different soil 
organisms are important for these different stages, it is not surprising for these two 
stages of the decomposition process to respond differently to different elements of 
forest diversity including different functional properties (i.e. community-weighted 
means and functional diversity) of the litter and host communities.  
 
For both primary litter decomposition and for soil respiration, we found that 
chemical and physical leaf and litter traits were the most important. For early stages 
of surface litter decomposition, the means of these trait values were more important 
than their variances. However, for soil respiration, which includes later stages of 
litter decomposition, soil organic matter decomposition and root respiration, the 
contrary was true. For primary decomposition, species complementarity is likely to 
be less important, so long as there are sufficient amounts of highly labile compounds 
remaining. Initial litter chemistry is thus more important than diversity. We 
attribute the strong effect of tree diversity on soil respiration to the impact of a 
diverse litter input on the soil biota. Despite having been determined a research 
priority more than 10 years ago in the biodiversity-ecosystem functioning research 
program (Hooper et al. 2000), the effect of plant diversity on below-ground 
community structure and diversity is still poorly understood. To better understand 
the mechanisms behind the complementarity of plant species not only on 
decomposition and soil CO2 flux, but also on productivity, more work is needed 




We conclude that for early stages of surface litter decomposition, the average values 
of functional traits are more important than the diversity of these traits. Diversity 
did however play an important role. We present evidence that diversity in initial 
litter nutrient status increased litter decomposition rates, and that the diversity of 
the host plant community can improve the decomposition microenvironmental 
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conditions. On the other hand, soil respiration increased with increasing plant 
functional diversity while it was independent of average trait values. In all cases, 
litter chemical traits were the best predictors of the ecosystem processes measured. 
Litter chemical diversity was the most informative component of tree diversity, 
increasing rates of both primary decomposition and soil respiration. 
 
Decomposition of plant matter is critical to the global carbon cycle and represents 
an important flux of CO2 to the atmosphere. Although forests make up only 30% of 
Earth’s land surface, they contain roughly half of all terrestrial carbon. Thus in order 
to make predictions about future carbon budgets, it is essential to have a solid 
understanding of the factors affecting rates of litter decomposition and soil 
respiration in forests. Our results show that characterization of the functional 
diversity and identity of tree leaves, a dominant component of forest litter, is 
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CHAPTER IV :  
HOME-FIELD ADVANTAGE – DOES LONG-TERM LITTER INPUT 






Experiments investigating litter decomposition rates often remove the litter from its 
natural host plant community either by studying the decomposition of common 
substrates, or ex situ litter decomposition in common gardens or microcosms. 
However, there is some evidence that decomposer communities may specialize to 
the host plant community, becoming efficient at breaking down the litter types they 
repeatedly receive. If this is so, then constructing global decomposition models 
based on studies that remove litter from its associated host plant community may 
produce biased estimates of decomposition. Although a number of studies have 
addressed this issue for monoculture litter, decomposer specialization to mixed-
species litter remains largely unexplored. This chapter was co-authored by Bill 
Shipley, Alain Paquette, Christian Messier and Peter Reich. My contribution to this 
chapter is major. I came up with the initial idea for the paper, realizing that the 
initial experimental design of chapter III could also be used to effectively test the 
home field-advantage hypothesis. As the experimental design for chapter III 
continued to metamorphosize, these two chapters became two distinctly separate 
experiments. I was principally responsible for data collection and analysis and the 
composition of the manuscript. Bill Shipley was again involved throughout the 
entire processes, from experimental design to data analysis to the writing of the 
manuscript, providing guidance and insight. Alain Paquette, Christian Messier and 
Peter Reich were among those responsible for the creation of the experimental 
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plantation, the same as used in Chapter III, and provided valuable comments on the 
manuscript. This chapter will be submitted to the journal Ecology for publication. 
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Abstract 
 
Litter often decomposes faster in its environment of origin (at “home”) than in a 
foreign environment (“away”), which has become known as the home-field 
advantage. However, many studies have highlighted the conditional nature of the 
home-field advantage, suggesting that current theory is not yet sufficient to 
generalize across systems. Although in nature plant litter usually decomposes in 
mixture, experimental studies have focused on mono-specific litter and there is not 
yet convincing evidence that the home-field advantage is relevant for mixed-species 
litter. We tested the home-field advantage hypothesis for mono-specific and mixed-
species litter using a tree-based experiment that manipulates the functional identity 
and diversity of the host tree community. We transplanted litter types of varying 
quality between several host tree communities and measured decomposition rates 
using litterbags. Since the decomposer community should respond to traits of the 
litter input and not their taxonomic identity, we developed a traits-based index of 
litter-tree similarity. Mono-specific litter exhibited a home-field advantage, but 
when the same litter was decomposed in mixture, we observed the opposite trend. 
Mixed-species litter decomposed on average no faster or slower than monoculture 
litter and exhibited both positive and negative species interactions. These non-
additive interactions of decomposition rates in mixture were influenced by litter-
tree similarity. Both synergistic and antagonistic interactions decreased in 
magnitude with increasing litter-tree similarity such that mixture rates were 
predictable from monocultures. Our results suggest that ex situ mixed-species 
decomposition studies that remove litter from their home environment (e.g. 
common gardens and laboratory microcosms) may be inappropriate to assess the 
effect of diversity on decomposition rates. 
 
Key Words: home-field advantage, litter decomposition, mixed-species litter, 
diversity, functional traits 
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Introduction 
 
In terrestrial ecosystems, the vast majority of plant net primary production escapes 
herbivory and returns to the soil as litter (Cebrian 1999). The decomposition of this 
litter is a key ecosystem process critical to both carbon and nitrogen cycling, 
determining both the flux of CO2 from the soil to the atmosphere and soil nutrient 
availability. The decomposition of leaf litter is controlled by three main factors: the 
physico-chemical environment of the soil, the quality of the litter and the properties 
of the decomposer community (Coûteaux et al. 1995, Cadisch 1997, Cornwell et al. 
2008). The host plant community can play a major role in the decomposition 
process by influencing all of these factors (Scherer-Lorenzen et al. 2007, Vivanco 
and Austin 2008, Aubert et al. 2010, Scherber et al. 2010, Barantal et al. 2011, 
Eisenhauer et al. 2012). Beyond determining litter quality, interactions between 
above-ground and below-ground components, generated by long-term litter inputs, 
plant nutrient uptake and root activity, could significantly affect the biotic and 
abiotic properties of the decomposition microenvironment. 
 
Feedbacks between the litter and the soil could create a situation where the soil 
decomposer community is specialized to the litter it receives. Leaf litter has a large 
variation in chemical and physical traits between species. Because this litter is an 
important source of nutrients and energy for soil biota, and because the ability to 
extract such resources from different types of litter differs between soil organisms, 
there is likely competition between soil biota for these nutrients. This competition 
could generate selective pressure for decomposers to become efficient at breaking 
down (and taking up nutrients from) the litter produced by the plants above them 
(Ayres et al. 2009). If there are evolutionary trade-offs in evolving specific 
enzymatic capacities or other traits relevant to this specialization, then 
decomposers may become specifically adapted to the litter they receive over the 
long-term. In ecological time, species filtering (sorting) of soil biota would lead to 
specialized decomposer communities. This would result in what has become known 
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as a “home-field advantage,” (HFA) where litter decomposes faster in its own host 
plant environment (at “home”) than elsewhere (“away”) (Gholz et al. 2000). HFA 
appears to be widespread in forest ecosystems (Ayres et al. 2009, Wang et al. 2013), 
as reciprocal transplant experiments of monoculture litter between plant 
communities often find accelerated decomposition of litter in its home environment 
(Hunt et al. 1988, Gholz et al. 2000, Vivanco and Austin 2008, Milcu and Manning 
2011, Osanai et al. 2012, Kagata and Ohgushi 2013). Meta-analyses of such 
experiments in forests of several continents report that HFA can lead to faster 
decomposition rates (between 4-8%) of litter at home than away (Ayres et al. 2009, 
Wang et al. 2013). However studies are not universal in their support for this 
hypothesis and some studies have failed to detect a HFA (Chapman and Koch 2007, 
St. John et al. 2011, Gießelmann et al. 2011). Freschet et al. (2012a) noted that of the 
studies reporting a positive HFA effect, most transplanted mono-specific litter, often 
with dramatic differences in quality, usually between two strongly contrasting 
decomposition environments. Conversely, studies using more chemically similar 
litter species and those from more diverse communities often failed to detect HFA. 
 
Natural forests are composed of more than one tree species, and so litter usually 
decomposes in mixture. However, only three experiments to our knowledge have 
tested the HFA hypothesis using mixed species litter and these report conflicting 
results (St. John et al. 2011, Barantal et al. 2011, Gießelmann et al. 2011). When 
litter decomposes in mixture, litter species often interact such that the mixture 
decomposition rate is faster or slower than would be predicted from monocultures 
(Gartner and Cardon 2004). It is not yet known whether these litter interactions 
could prevent or increase a HFA. Barantal et al. (2011) hypothesized that HFA could 
increase the magnitude of synergistic interactions between litter species due to the 
possibility of a specialized decomposer community to exhibit increased efficiency of 
complimentary resource use of a recurrent heterogeneous resource input from the 
canopy. Their experiment, a transplant of mixed-species and component 
monoculture litter between two systems showed that interactions (positive and 
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negative) of litter mixing are stronger in the natural “home” environment than in a 
common garden “away” environment.  
 
Although the description of home vs. away has been overwhelmingly taxonomic 
(which species compose the vegetation), decomposers would likely be specialized to 
different chemical or morphological traits of the litter produced by the host plants 
rather than to the species themselves. Therefore, a traits-based approach to the HFA 
hypothesis could prove useful. Freschet et al. (2012a) highlighted that the HFA 
theory falls apart in mixed-species systems as it is unlikely for a decomposer 
community to be specialized to multiple litter types (of various qualities) 
simultaneously. For instance, a decomposer community cannot be both fungal 
dominated (efficient at degrading low-quality litter types) and bacterial dominated 
(efficient at degrading high-quality litter types) (Wardle et al. 2004). According to 
Grime’s mass-ratio hypothesis (Grime 1998, Garnier et al. 2004), the extent to which 
a species affects ecosystem functioning should be proportional to its contribution to 
total community biomass. If this were the case, the decomposer community would 
instead respond to the average values of the plant community’s litter traits. More 
specifically, the average value of a trait should be calculated as a community-
weighted mean, (Garnier et al. 2004), which is the average trait value of all the 
species in the community, weighted by their relative abundances. Therefore, for 
multi-species systems, decomposition rates of a specific litter type should not 
depend on whether the decomposing litter species is present or not in the host 
community, but rather on the similarity between the average value of litter quality 
between the decomposing litter and the long-term litter input. 
 
In this study we test the HFA hypothesis for both mono-specific litter types and for 
mixed-species litter. We also test, in an exploratory manner, the effect of HFA on the 
non-additive interactions of litter mixing. To quantify “home” and “away,” we use 
two methods: first, a taxonomic approach based on the presence/absence of the 
litter species in the host plant community (home vs. away), as well as a multivariate 
measure of trait dissimilarity between the community-weighted means of traits of 
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the litter and the host plant community. We hypothesize that (i) HFA is stronger for 
monoculture litter than for mixtures, and that (ii) trait dissimilarity better captures 






Our experiment was part of a larger biodiversity tree experiment established in 
spring 2009, described by Jewell et al. (submitted) located at McGill University 
(Sainte-Anne-de-Bellevue, Quebec, Canada, 45.5° N, 73.9° W). The experimental site 
is part of the larger International Diversity Experiment Network with Trees (IDENT) 
(Tobner et al. in press). The site consists of planted experimental tree communities, 
~4x4m, of 64 individuals of varying species composition.  All tree communities are 
replicated in 4 blocks. 
 
Experimental design  
 
We performed a litterbag experiment where we decomposed litter from four 





The four mono-specific litter types used in our experiment were Acer saccharum 
(Marsh), Acer rubrum (L.), Quercus rubra (L.) and Betula papyrifera (Marsh). Newly 
senesced leaf litter of these four species were collected in mid-October 2011 from 
natural monoculture stands in the Morgan Arboretum of McGill University, adjacent 
to the experimental site. We constructed five types of litter bags: each litter type in 
monoculture, and one mixed-species bag containing equal parts dry mass of the four 
  92 
species. We constructed and installed our litterbags using the same protocol as 
Jewell et al. (submitted). We placed these five different litterbag types in 10 different 
tree communities replicated in 4 blocks in mid April 2012. In each tree community 
in each block and for each litter type, we placed four identical litterbags (to be 
destructively harvested at four different dates) directly on the soil surface. In total 
there were 4 blocks x 10 communities/block x 5 litter types/community x 4 
litterbags/litter type = 800 litterbags. Litterbags were destructively harvested 28, 
59, 124 and 184 days after incubation. Percent dry mass remaining was calculated 
for each individual litterbag after harvest. Decomposition rates, k, (g  g-1 d-1) were 
estimated for each litter type in each tree community in each block. This was done 
by fitting the least-squares regression slope of ln (% dry mass remaining(t)) on 
time, thus assuming a negative exponential decay of dry mass (Olson 1963). This 
resulted in 4 x 10 x 5 = 200 independent estimates of k. 
 
Host tree communities 
 
The 10 host tree communities used in our experiment were all comprised of 
different 4-species combinations of tree species from a pool of 12 native conifer and 
deciduous species (Table 1). This species pool included the 4 species used as litter 
types.  Each tree community was replicated in 4 blocks. 
  
Measuring similarity  
 
In order to test the HFA hypothesis, we measured the similarity between the litter 
and the host tree community in two ways: 
 
1. “Taxonomic  similarity” 
 
In accordance with the initial formulation of the HFA hypothesis (Hunt et al. 1988, 
Gholz et al. 2000), we first calculated an index of similarity based on whether or not 
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the litter species were present in the host tree community. We calculated a value of 
similarity between 0 and 1 as the proportion of species in the litter type that were 
also present in the host tree community, where 0 indicated no species in common 
between the litter and the host tree community and 1 indicates that all species in the 
litter are also in the host tree community. For monoculture litter the value of 
taxonomic similarity is then binary (0 or 1); the litter species is either included in 
the host community (at home) or not (away.) For the litter mixture, we calculated 
the proportion of shared species using Sørensen’s index of similarity, (Equation 1,) 
where the proportion of species shared with the host community could be 0, 0.25, 





(SL  ST )  
Equation 1. Sørensen’s similarity index, where SL is the total number of species in the 
litter mixture, ST is the total number of species in the host tree community, and SLT is 
the number of species in both the litter mixture and the tree community. 
 
2. “Trait similarity” 
 
Secondly, we calculated a measure of similarity between the litter and host 
community that was based on a set of functional traits rather than on taxonomic 
presence. Grime’s mass-ratio hypothesis predicts that species effects on ecosystem 
properties should be proportional to their abundance in the community. The effect 
of litter input on the decomposer community should then be related to the average 
litter quality, or the “community-weighted means” of litter traits. We therefore 
calculated the difference between the community-weighted mean values for several 
litter quality traits of the litter and those of the host tree community. 
 
We calculated the community-weighted means for five different litter quality traits: 
leaf dry matter content, specific leaf area, litter nitrogen content, litter carbon 
content and leaf size, all of which have been shown to influence litter decomposition 
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rates (Aerts 1997, Cornwell et al. 2008, Fortunel et al. 2009, Freschet et al. 2012b, 
Makkonen et al. 2012). Since mixed-species litterbags contained equal parts dry-
mass of each species, community-weighted means were simply the average trait 
value of the 4 species. Although the four tree species were planted in equal 
abundance in each community, the effect of the tree community on the soil 
community should be related to the quantity of litter input from each tree species, 
and not simply the number of individuals. Therefore, as an estimate of litter input, 
we measured stem volume (height and diameter at 5cm) for each individual tree 
during summer 2012. Community-weighted means of the host tree community were 
then calculated as the product of the species’ trait value and its relative volume, 
summed across all species in the community.  
 
To quantify the difference between the community-weighted means of the litter and 
the host tree community for several traits simultaneously, we adapted Laliberté and 
Legendre's (2010) index of functional dispersion. We used this index, which was 
designed to measure the functional diversity of a community (as the average 
distance between a species and a centroid point), to instead measure the absolute 
distance in multi-dimensional trait space between the community-weighted mean 
trait values of the litter and the community-weighted mean trait values of the tree 
community. So that our two measures would be consistent, we multiplied the value 
by – 1 so a large negative value indicates a large distance between litter and tree 




For each species in monoculture, we measured physical traits of living leaves and 
chemical traits of newly senesced leaves. Water-saturated leaf dry matter content 
and specific leaf area of living leaves were measured using a standardized protocol 
(Garnier et al. 2001). Average values were calculated for each species from 36 
measurements: 3 leaves from 3 individuals from 4 blocks. Leaf size of living leaves 
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was recorded ordinally as 1: needles or scale; 2: small leaves <10cm; 3: large leaf; 4: 
very large compound leaf. Total leaf carbon and nitrogen contents, were measured 
for recently senesced litter by high temperature combustion (9600C) followed by 
thermo-conductometric detection using a Vario Macro elementar multi-element 
analyzer (Elementar Analysensysteme, Hanau, Germany). Average values for each 
species were calculated from three replicate measurements of ground and mixed 




The overall decomposition rate of mixed-species litter is often faster or slower than 
would be predicted from the decomposition rates of each component species in 
monoculture. To quantify the net interactive effect of litter mixing for the litter 
mixture in each host tree community in each block, we compared each observed 
decomposition rate of the litter mixture (kobs) to its predicted rate (kpred). These 
predicted rates were calculated for each community in each block as the 
community-weighted decomposition rate of the four litter-species decomposing in 
monoculture, that is , where ki is the monoculture decomposition rate 
of species i and pij is its relative abundance in litter mixture j. These predicted values 
therefore assume no net interactions between species with respect to the mixture 
rate and serve as a null hypothesis when testing for a diversity effect. The “mixing 




 . Therefore a positive value (x) is 
interpreted as species interactions increasing the overall mixture decomposition 
rate by proportion x, and a negative value (–y) is interpreted as species interactions 
decreasing the overall mixture decomposition rate by proportion y. To test for HFA 
using taxonomic and trait similarity, we used linear models with k-values as 
response variables and with similarity, litter type and block as fixed factors. From 
here on in we refer to k-value simply as “decomposition rate.”  
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Results  
 
By the end of the litterbag experiment, mean remaining litter dry mass was 56% for 
Acer saccharum (Marsh), 46% for Acer rubrum (L.), 59% for Betula papyrifera 
(Marsh), 70% for Quercus rubra (L.), and 56% for the four-species litter mixture. An 
ANOVA of decomposition rates, with litter type and host community as the fixed 
factors showed that decomposition rates differed between litter types (F4,185 = 38.3, 
p < 2x10-16) and between host tree communities (F9,185 = 2.7, p = 0.004) indicating 
that the identity of both the litter and the host tree community independently 
affected decomposition. 
 
Mono-specific litter exhibited a HFA, decomposing 10% faster at “home” than 
“away” as determined from an ANOVA of decomposition rates contrasting “home” 
(i.e. a taxonomic similarity of 1) with “away” (i.e. a taxonomic similarity of 0), (F1,150 
= 4.0, p = 0.05), (Figure 12a). However, we did not detect a HFA for mono-specific 
litters when using trait-similarity (Figure 12a). A regression of decomposition rates 
of mono-specific litter types on the degree of litter-tree trait similarity revealed no 
significant relationship (slope = 1.4x10-4, t150 = 1.4, p = 0.11). Similarly, we found no 
HFA for the litter mixture (Figure 12b). Regressions of decomposition rates of the 
litter mixture on either the degree of taxonomic (slope = -4.8 x10-4, t34 = 1.6, p = 
0.20) or on trait similarity (slope = -1.7 x10-4, t34 = 1.3, p = 0.19) revealed no 
significant relationships. Decomposition rates of litter mixtures often deviated from 
the predicted community-weighted values, ranging from +18% (mean synergistic 
mixing effect), to -15% (mean antagonistic mixing effect). However, these deviations 
had no overall tendency to be synergistic or antagonistic (Figure 12c), as the overall 
mixing effect did not differ significantly from 0 using a one-sample two-tailed t-test 
(t39 = 0.15, p = 0.88). A regression of the mixing effect on either taxonomic (slope= 
0.04, t34 = 0.28, p = 0.78) or trait similarity (slope = -0.03, t34 = 0.56, p = 0.58) was 
not significant. Although the litter mixing effect was not correlated with litter-tree 
similarity, its variance visibly decreased with increasing litter-tree similarity (Figure 
12c). The absolute magnitude of litter mixing effects decreased with both increasing 
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taxonomic similarity (slope = -0.21, t34 = 2.6, p = 0.01) and with increasing trait 
similarity (slope = -0.07, t34 = 2.1, p = 0.04). 
Figure 12. Home-field advantage of litter decomposition. a) Decomposition rates, k 
(in gg-1d-1), of the four mono-specific litter types as a function of litter-tree similarity. 
Point symbol indicates litter type: = Acer saccharum, = Acer rubrum, = Betula 
papyrifera, = Quercus rubra. b) Overall decomposition rates, k (in gg-1d-1), of the 
four species decomposing in mixture as a function of litter-tree similarity. c) Litter-
mixing effect, (% change in decomposition from monoculture predictions) as a 
function of litter-tree similarity. Taxonomic similarity measures the number of species 
in the litter mixture present in the host tree community. Trait similarity measures the 
similarity in chemical and physical trait values between the decomposing litter and the 
long-term litter input of the host tree community. 
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Discussion 
 
Our first hypothesis was that a HFA would be manifested more strongly for mono-
specific litter than for the litter types mixed together because interactions between 
species could mask this effect. Mono-specific litter did exhibit a large (but only 
marginally significant) HFA (Figure 12a). However, when the litter types were 
mixed together, there was no evidence for HFA; and if anything, the litter mixture 
exhibited the opposite tendency (Figure 12b). We detected deviations from the 
predicted community-weighted decomposition rates but these were idiosyncratic 
(equally positive and negative) (Figure 12c). We therefore cautiously accept our 
first hypothesis, concluding that litter interactions can hide the presence of HFA. 
Our results are consistent with meta-analyses, which report an overall idiosyncratic 
effect of litter taxonomic richness on terrestrial litter decomposition rates (Gartner 
and Cardon 2004, Sriastava et al. 2009, Cardinale et al. 2011). Studies in several 
systems have failed to detect a HFA for litter decomposition (Chapman and Koch 
2007, St. John et al. 2011, Gießelmann et al. 2011) putting into question the 
universality of HFA. Our results further highlight the context-dependent nature of 
the HFA of litter decomposition. There are several potential explanations for a lack 
of HFA. First, most reports of HFA come from studies that transplant strongly 
contrasting litter types between their respective systems, (for example, grasslands 
vs. forests or deciduous vs. coniferous). It is possible that the sorting of specialized 
decomposers occurs only at these larger habitat scales. Second, it has been 
suggested that HFA should be more pronounced for more recalcitrant litter types 
that are rich in lignin and other compounds which are resistant to degradation, and 
that require specific decomposers for their breakdown (Milcu and Manning 2011, 
Osanai et al. 2012, Wallenstein et al. 2013). The importance of recalcitrant carbon 
compounds to overall litter decomposition rates increases in later stages of 
decomposition after the easily digestible labile compounds have been lost from the 
litter (Melillo et al. 1989, Coûteaux et al. 1995). Therefore, it is possible that the 
rapid breakdown of labile compounds greatly exceeded that of recalcitrant 
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compounds in overall contribution to decomposition rates during our six-month 
experiment, thus hiding a HFA that would have become more pronounced in later 
stages of decomposition. Another possible explanation of our lack of HFA is that four 
years, (the duration of our experimental site) is not sufficient time for effective 
environmental filtering of soil biota and for the presence of the host tree community 
to exhibit its full effect on the soil system. We did however find a strong significant 
effect of host community identity on overall decomposition rates. This suggests that 
the predominant effect of the host tree community on decomposition is likely 
through modifying decomposer abundance and activity (by influencing the physico-
chemical environment of soil organisms) rather than by altering decomposer 
community composition. Milcu and Manning (2011) showed that in their system, a 
HFA of litter decomposition was driven by soil fauna. By using litterbags that 
exclude certain macro-fauna we encouraged decomposition dominated by microbes, 
who can more rapidly shift their community composition in response to the input of 
litter of a certain quality. 
 
Our second hypothesis was that a HFA would be better captured by trait similarity 
than taxonomic similarity. We found no support for this hypothesis. If the often 
observed HFA of litter decomposition is due to a specialization of decomposer 
organisms, a mechanistic understanding will necessarily involve a characterization 
of plant traits. Freschet et al. (2012a) extended HFA theory for litter mixtures, 
where individual litter types in an “away” environment could have increased or 
decreased decomposition depending on their similarity in litter quality to the litter 
matrix (host community litter input.) Quantifying similarity with chemical (lignin : 
nitrogen) and physical (leaf dry matter content) litter traits, they report a HFA but 
only in situations of extreme trait dissimilarity. It is possible that our lack of HFA is 
because we didn’t include litter traits that quantify recalcitrant components of the 
litter. Since recalcitrant compounds such as lignin require specialized fungal taxa for 
their degradation (Baldrian and Snajdr 2011) we would predict these compounds to 
be important for HFA. However, in order for their breakdown to contribute 
significantly to rates of litter mass loss, this would necessitate a much longer 
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incubation time of litterbags. Conversely, HFA could be tested by measuring rates of 
loss of lignin and other recalcitrant compounds from the litter instead of rates of 
overall mass loss. If HFA is to be incorporated into decomposition models and more 
generally into ecological theory, a better understanding of its mechanisms is 
required. A future challenge is to identify the traits that drive HFA and their direct 
effects on decomposer activity. 
 
Our litter types did not exhibit systematic accelerated or decelerated decomposition 
when in mixture. The litter mixture did however often deviate from predictions 
based on community-weighted means of monoculture rates. Barantal et al. (2011) 
decomposed several litter mixtures in two decomposition environments, a natural 
forest (containing no species included in the litter) and an adjacent plantation 
where litter decomposed under the same tree species that were present in the 
decomposing litter. They found that the magnitude of litter-mixing effects were 
greater, and on average more positive in the plantation and attributed this to the 
long-term input of litter from the “home” species, concluding that HFA can increase 
litter-mixing effects. Here we report the opposite: that the magnitude of litter 
interactions decreases when litter is at “home.” In our experiment, in which we use 
10 different decomposition environments, we kept all factors constant while 
manipulating only the identity of the host tree community. Both positive and 
negative litter interactions decreased in magnitude with increasing taxonomic 
similarity between the litter and the host tree community. This effect was further 
reflected when using our index of trait similarity, providing a possible mechanistic 
explanation. When a decomposer community receives litter with chemical and 
physical trait values distant from those of the long-term litter input there is 
increased potential for large non-additive interactions to increase or decrease 
decomposition rates. Our results show that the host tree community is important for 
decomposition above and beyond determining litter quality and highlight the 
importance of in situ decomposition when investigating non-additive effects of litter 
mixing. 
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Anthropogenic drivers of contemporary global change will likely persist into the 
foreseeable future. The further release of CO2 to the atmosphere through the 
burning of fossil fuels and the conversion of carbon sinks to carbon sources through 
habitat destruction and land-use change will continue to impact the global climate 
(IPCC 2007).  Global climate change has significant impacts on plant community 
structure, changing both plant community composition (and thus average 
community trait values) (Walther et al. 2002, Frenette-Dussault et al. 2012) and 
plant community diversity (Thuiller et al. 2005).  This will likely alter global 
biogeochemical cycles. Given the profound importance of decomposition for global 
carbon dynamics, it is imperative to achieve a firm understanding of how changing 
plant community structure will affect this ecosystem process. Furthermore, such an 
understanding is essential to reforestation efforts designed to offset carbon 
emissions. 
 
This thesis provides a small but important contribution to our understanding of how 
litter decomposition rates may respond to changing plant properties. The effect of 
litter quality (quantified with litter functional traits) on decomposition rates has 
been well studied and we possess a firm understanding of how certain chemical and 
physical properties of litter influence its decomposition (Swift et al. 1979, Aerts 
1997, Freschet et al. 2012). However, the effect of the host plant community 
structure on decomposition processes beyond determining litter quality has been 
rarely studied. Likewise, while the decomposition of mono-specific litter has been 
well studied (Meentemeyer 1978, Swift et al. 1979, Aerts 1997, Chapin et al. 2002), 
the effect of species interactions in diverse systems remains controversial 
(Hättenschwiler et al. 2005, Srivastava et al. 2009, Gessner et al. 2010, Cardinale et 
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al. 2011). The goal of this thesis was to investigate the effect of tree community 
structure on mixed-species litter decomposition rates. 
 
I show that, for early stages of leaf litter decomposition, average values of litter 
functional traits are the best predictors of decomposition rates among plant 
properties. Although species may interact when litter types decompose in mixture, 
there is no directional effect of these interactions, and like previously reported 
(Gartner and Cardon 2004, Srivastava et al. 2009) the number of species in a litter 
mixture seems to be unrelated to its decomposition rate. However, other 
components of plant diversity in addition to the number of litter types may act to 
influence decomposition processes. I show that increased litter functional diversity, 
specifically the variation in the initial nitrogen status of litter, can increase 
decomposition rates. Also, litter of identical quality tends to decompose faster in 
more diverse host communities. This result suggests that studies that remove litter 
from its host community and measure decomposition in common garden setting 
may underestimate the importance of plant diversity. Furthermore, plant diversity 
(both taxonomic and functional diversity) may play a more important role in later 
stages of decomposition. I show that that soil respiration in our experimental 
system (which represents the decomposition of soil organic matter and root 
respiration) was best predicted by tree diversity, and was surprisingly largely 
unrelated to average values of tree or litter functional traits. Although it is difficult 
to achieve a mechanistic understanding of this result without partitioning the 
relative contributions of different processes to soil respiration, it is clear that tree 
diversity is an important functional property when considering forest carbon fluxes. 
 
Lastly, I demonstrate that interactions between the decomposing litter and the host 
tree community (with its associated microenvironmental conditions and soil 
microbial community) can interact to determine decomposition rates. A growing 
number of studies have shown that mono-specific litter decomposes faster in its 
environment of origin than elsewhere (Ayres et al. 2009, Wang et al. 2013). 
However, I show that this “home-field advantage” seems to be context dependent. I 
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show that species interactions in mixed-species litter can prevent a home-field 
advantage. Furthermore I show that these interactions between litter types (with 
both synergistic and antagonistic effects on decomposition rates,) are more common 
and larger in magnitude when litter is decomposing elsewhere than “at home.” 
These results suggest that long-term litter input can mediate the effect of tree 
diversity on decomposition rates. Therefore, ex situ mixed-species decomposition 
studies that remove litter from their home environment (e.g. common gardens and 
laboratory microcosms) may be inappropriate to assess the effect of diversity on 
decomposition rates. 
 
This thesis provides insight into the effect of tree community structure on rates of 
leaf litter decomposition and its contribution to soil carbon dynamics. It provides a 
small step foreword in predicting how rates of litter decomposition may respond to 
global change and in providing guidance to managers in how tree plantations may 
be used as carbon sinks. 
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APPENDIX I – COMMUNITY COMPOSITION 
 




ABBA Abies balsamea 
ACRU Acer rubrum 
ACSA Acer saccharum 
BEAL Betula alleghaniensis 
BEPA Betula papyrifera 
LALA Larix laricina 
PIGL Picea glauca 
PIRU Picea rubens 
PIRE Pinus resinosa 
PIST Pinus strobus 
QURU Quercus rubra 





Richness Species Composition 
2N1 2 PIRE PIRU 
2N2 2 LALA PIST 
2NR2A 2 ACRU BEAL 
2NR2B 2 PIRE PIST 
2N3 2 BEAL  QURU 
2N4 2 BEPA QURU 
2NR4 2 LALA PIGL 
2N5 2 PIGL PIST 
2NR5 2 BEPA PIST 
2N6 2 ABBA ACRU 
2N7 2 ACSA LALA 
2NR7A 2 ABBA  ACSA 
2NR7B 2 ACRU THOC 
2N8 2 ACSA THOC 
4N1 4 ABBA  PIGL PIRE PIRU 
4N2 4 ACRU BEAL BEPA QURU 
4NR2 4 PIRE PIST PIRU PIGL 
4N3 4 BEAL  PIRE  PIRU PIST 
4N4 4 ABBA BEPA LALA PIGL 
4N5 4 ABBA ACSA PIRU PIGL 
4N6 4 LALA PIST QURU THOC 
4N7 4 ACRU QURU PIST THOC 
4NR7 4 BEPA PIST ACSA PIGL 
4N8 4 ACSA BEAL PIGL THOC 
4N12 12 ALL 12 SPECIES 
 
















Exotic species (not relevant to this thesis) 
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APPENDIX II – TRAIT VALUES 
 
Trait values relevant to Chapters III and IV. See appendix I for species codes. 
 
Trait Code Type Units Source 
Average 
maximum height maxH continuous m 
(Paquette and 
Messier 2011) 
Growth rate GR ordinal 3:rapid 2:moderate 1:slow 
(Paquette and 
Messier 2011) 
Leaf size LS ordinal 
1: needles or scale; 2: small 
leafs <10cm; 3: large leaf; 4: 
very large compound leaf 
(Paquette and 
Messier 2011) 




resistence WDR ordinal 
1:not; 2: moderate; 3: 
resistant; 4: very resistant 
(Paquette and 
Messier 2011) 
Seed mass SeM continuous mg 
((Paquette and 
Messier 2011) 
Root habit RoH ordinal 
1: Shallow; 2: Heart-shaped, 





maximum age Age continuous y 
(Paquette and 
Messier 2011) 
Endomycorrhiza  AM binary asymetric present/absent 
(Paquette and 
Messier 2011) 




Length SRL continuous m/g (dry weight) 
(Paquette and 
Messier 2011) 
Root Diameter Rdiam continuous cm 
(Paquette and 
Messier 2011) 
Leaf mass area LMA continuous g/m2 
(Paquette and 
Messier 2011) 
Leaf [N] per 
mass unit Nmass continuous % 
(Paquette and 
Messier 2011) 
Litter [N] N continuous mg N / N measured 
Litter [C] C continuous mg C /C measured 
Specific leaf area SLA continuous m2/g measured 
Leaf dry matter 
content LDMC continuous g/g measured 
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APPENDIX III – CHAPTER III MASS LOSS DATA 
 
Percent litter dry mass remaining in litterbags 28, 59, 124 and 184 days after incubation. Litter Type 
is either common substrate (CS) or natural litter (NAT). Refer to Appendix I for community codes. 
 
Litter Type Community  Block Days % Mass Remaining 
CS 4N1 1 28 0.7941 
CS 4N2 1 28 0.9281 
CS 4N2R 1 28 0.7995 
CS 4N3 1 28 0.8118 
CS 4N4 1 28 0.8578 
CS 4N5 1 28 0.7518 
CS 4N6 1 28 0.7967 
CS 4N7 1 28 0.8586 
CS 4N7R 1 28 0.8985 
CS 4N8 1 28 0.8099 
CS ABBA 1 28 0.7419 
CS ACRU 1 28 0.8796 
CS ACSA 1 28 1.0078 
CS BEAL 1 28 0.8738 
CS BEPA 1 28 0.9259 
CS LALA 1 28 0.8816 
CS PIGL 1 28 0.8145 
CS PIRE 1 28 0.8096 
CS PIRU 1 28 0.8780 
CS PIST 1 28 0.8028 
CS QURU 1 28 0.8408 
CS THOC 1 28 0.8133 
CS 4N1 2 28 0.8043 
CS 4N2 2 28 0.9582 
CS 4N2R 2 28 0.8942 
CS 4N3 2 28 0.7842 
CS 4N4 2 28 0.9778 
CS 4N5 2 28 0.9650 
CS 4N6 2 28 0.8430 
CS 4N7 2 28 1.2371 
CS 4N7R 2 28 1.0383 
CS 4N8 2 28 0.9049 
CS ABBA 2 28 1.0052 
CS ACRU 2 28  
CS ACSA 2 28 1.4408 
CS BEAL 2 28 1.1633 
CS BEPA 2 28 1.4892 
CS LALA 2 28 0.7741 
CS PIGL 2 28 1.0752 
CS PIRE 2 28 1.2495 
CS PIRU 2 28 0.9571 
CS PIST 2 28 0.9001 
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CS QURU 2 28 1.4418 
CS THOC 2 28 0.8194 
CS 4N1 3 28 0.7800 
CS 4N2 3 28 0.9530 
CS 4N2R 3 28 0.7802 
CS 4N3 3 28 0.8605 
CS 4N4 3 28 0.8529 
CS 4N5 3 28 0.7821 
CS 4N6 3 28 0.8965 
CS 4N7 3 28 0.7940 
CS 4N7R 3 28 0.8733 
CS 4N8 3 28 0.8951 
CS ABBA 3 28 0.8820 
CS ACRU 3 28 0.8620 
CS ACSA 3 28 0.9040 
CS BEAL 3 28 0.8871 
CS BEPA 3 28 0.9409 
CS LALA 3 28 0.8466 
CS PIGL 3 28 0.8827 
CS PIRE 3 28 0.9017 
CS PIRU 3 28 0.9127 
CS PIST 3 28 0.8786 
CS QURU 3 28  
CS THOC 3 28  
CS 4N1 4 28 0.8825 
CS 4N2 4 28 0.9468 
CS 4N2R 4 28 0.8380 
CS 4N3 4 28 0.7795 
CS 4N4 4 28 0.8412 
CS 4N5 4 28 0.8424 
CS 4N6 4 28 0.8164 
CS 4N7 4 28 0.8292 
CS 4N7R 4 28 0.8843 
CS 4N8 4 28 0.8815 
CS ABBA 4 28 0.9121 
CS ACRU 4 28 1.0981 
CS ACSA 4 28 0.9931 
CS BEAL 4 28 0.8845 
CS BEPA 4 28 1.1046 
CS LALA 4 28 0.8382 
CS PIGL 4 28 0.9112 
CS PIRE 4 28 0.8162 
CS PIRU 4 28 0.9261 
CS PIST 4 28 0.8384 
CS QURU 4 28 1.3176 
CS THOC 4 28 0.8178 
CS 4N1 1 59 0.9620 
CS 4N2 1 59 0.8757 
CS 4N2R 1 59 0.7169 
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CS 4N3 1 59  
CS 4N4 1 59 0.7405 
CS 4N5 1 59 0.7553 
CS 4N6 1 59 0.7274 
CS 4N7 1 59 0.7722 
CS 4N7R 1 59 0.8719 
CS 4N8 1 59 0.7823 
CS ABBA 1 59 0.7446 
CS ACRU 1 59 0.8694 
CS ACSA 1 59 0.8970 
CS BEAL 1 59 0.8891 
CS BEPA 1 59 1.0022 
CS LALA 1 59 0.6907 
CS PIGL 1 59 0.6720 
CS PIRE 1 59 0.7527 
CS PIRU 1 59 0.7700 
CS PIST 1 59 0.6399 
CS QURU 1 59 1.0572 
CS THOC 1 59 0.6612 
CS 4N1 2 59 0.7285 
CS 4N2 2 59 0.8337 
CS 4N2R 2 59 0.7941 
CS 4N3 2 59 0.9738 
CS 4N4 2 59 0.7493 
CS 4N5 2 59 0.7799 
CS 4N6 2 59 0.7001 
CS 4N7 2 59 0.8136 
CS 4N7R 2 59 0.8982 
CS 4N8 2 59 0.9587 
CS ABBA 2 59 0.7692 
CS ACRU 2 59 0.9673 
CS ACSA 2 59 0.9276 
CS BEAL 2 59 0.9348 
CS BEPA 2 59 0.9016 
CS LALA 2 59 0.7472 
CS PIGL 2 59 0.7737 
CS PIRE 2 59 0.7926 
CS PIRU 2 59 0.8333 
CS PIST 2 59 0.8469 
CS QURU 2 59 1.0054 
CS THOC 2 59 0.7488 
CS 4N1 3 59 0.7875 
CS 4N2 3 59 0.8122 
CS 4N2R 3 59 0.7219 
CS 4N3 3 59 0.8473 
CS 4N4 3 59 0.7220 
CS 4N5 3 59 0.8042 
CS 4N6 3 59 0.7435 
CS 4N7 3 59 0.7701 
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CS 4N7R 3 59 0.7777 
CS 4N8 3 59 0.8431 
CS ABBA 3 59 0.8047 
CS ACRU 3 59 0.8023 
CS ACSA 3 59 0.8978 
CS BEAL 3 59 0.8257 
CS BEPA 3 59 0.9384 
CS LALA 3 59 0.7396 
CS PIGL 3 59 0.9158 
CS PIRE 3 59 0.8278 
CS PIRU 3 59 0.6740 
CS PIST 3 59 0.8544 
CS QURU 3 59  
CS THOC 3 59  
CS 4N1 4 59 0.7600 
CS 4N2 4 59 0.8605 
CS 4N2R 4 59 0.7711 
CS 4N3 4 59 0.7616 
CS 4N4 4 59 0.7812 
CS 4N5 4 59 0.7258 
CS 4N6 4 59 0.7444 
CS 4N7 4 59 0.8266 
CS 4N7R 4 59 0.7608 
CS 4N8 4 59 0.7985 
CS ABBA 4 59 0.8026 
CS ACRU 4 59 1.0011 
CS ACSA 4 59 0.9691 
CS BEAL 4 59 0.8433 
CS BEPA 4 59 0.9784 
CS LALA 4 59  
CS PIGL 4 59 0.7481 
CS PIRE 4 59 0.8159 
CS PIRU 4 59 0.7827 
CS PIST 4 59 0.9221 
CS QURU 4 59 1.0202 
CS THOC 4 59 0.7427 
CS 4N1 1 124 0.6533 
CS 4N2 1 124 0.7046 
CS 4N2R 1 124 0.6157 
CS 4N3 1 124 0.6400 
CS 4N4 1 124 0.6202 
CS 4N5 1 124 0.5833 
CS 4N6 1 124 0.6262 
CS 4N7 1 124 0.6503 
CS 4N7R 1 124 0.8094 
CS 4N8 1 124 0.6578 
CS ABBA 1 124 0.6312 
CS ACRU 1 124 0.7023 
CS ACSA 1 124 0.7180 
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CS BEAL 1 124 0.7840 
CS BEPA 1 124 0.8194 
CS LALA 1 124 0.6116 
CS PIGL 1 124 0.5432 
CS PIRE 1 124 0.6001 
CS PIRU 1 124 0.5804 
CS PIST 1 124  
CS QURU 1 124 0.6755 
CS THOC 1 124 0.5071 
CS 4N1 2 124 0.7537 
CS 4N2 2 124 0.7647 
CS 4N2R 2 124 0.6350 
CS 4N3 2 124 0.5787 
CS 4N4 2 124 0.5776 
CS 4N5 2 124 0.5761 
CS 4N6 2 124 0.7184 
CS 4N7 2 124 0.6930 
CS 4N7R 2 124 0.7769 
CS 4N8 2 124 0.5722 
CS ABBA 2 124 0.5665 
CS ACRU 2 124 0.7534 
CS ACSA 2 124 0.7209 
CS BEAL 2 124 0.6922 
CS BEPA 2 124 0.7311 
CS LALA 2 124 0.6317 
CS PIGL 2 124 0.6304 
CS PIRE 2 124 0.6546 
CS PIRU 2 124 0.5857 
CS PIST 2 124 0.5103 
CS QURU 2 124 0.7809 
CS THOC 2 124 0.5785 
CS 4N1 3 124 0.7366 
CS 4N2 3 124 0.6727 
CS 4N2R 3 124 0.6256 
CS 4N3 3 124 0.7073 
CS 4N4 3 124 0.6018 
CS 4N5 3 124 0.5817 
CS 4N6 3 124 0.6202 
CS 4N7 3 124 0.8320 
CS 4N7R 3 124 0.7171 
CS 4N8 3 124 0.6898 
CS ABBA 3 124 0.5743 
CS ACRU 3 124 0.7080 
CS ACSA 3 124 0.7304 
CS BEAL 3 124 0.6431 
CS BEPA 3 124 0.7411 
CS LALA 3 124 0.7340 
CS PIGL 3 124 0.7511 
CS PIRE 3 124 0.6654 
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CS PIRU 3 124 0.7180 
CS PIST 3 124 0.6120 
CS QURU 3 124  
CS THOC 3 124  
CS 4N1 4 124 0.7316 
CS 4N2 4 124 0.7777 
CS 4N2R 4 124 0.7270 
CS 4N3 4 124 0.6298 
CS 4N4 4 124 0.6596 
CS 4N5 4 124 0.6599 
CS 4N6 4 124 0.6415 
CS 4N7 4 124 0.6647 
CS 4N7R 4 124 0.6906 
CS 4N8 4 124 0.6533 
CS ABBA 4 124 0.6642 
CS ACRU 4 124 0.8417 
CS ACSA 4 124 0.8643 
CS BEAL 4 124 0.6879 
CS BEPA 4 124 0.7494 
CS LALA 4 124 0.6550 
CS PIGL 4 124 0.5881 
CS PIRE 4 124 0.5545 
CS PIRU 4 124 0.6967 
CS PIST 4 124 0.7796 
CS QURU 4 124 0.7116 
CS THOC 4 124 0.6731 
CS 4N1 1 184 0.3345 
CS 4N2 1 184 0.6421 
CS 4N2R 1 184 0.6446 
CS 4N3 1 184 0.4750 
CS 4N4 1 184 0.5012 
CS 4N5 1 184 0.5974 
CS 4N6 1 184 0.4778 
CS 4N7 1 184 0.5963 
CS 4N7R 1 184 0.6928 
CS 4N8 1 184 0.4678 
CS ABBA 1 184 0.5916 
CS ACRU 1 184 0.6316 
CS ACSA 1 184 0.6693 
CS BEAL 1 184 0.5037 
CS BEPA 1 184 0.6436 
CS LALA 1 184 0.4955 
CS PIGL 1 184 0.5979 
CS PIRE 1 184 0.5085 
CS PIRU 1 184 0.5301 
CS PIST 1 184 0.3753 
CS QURU 1 184 0.7648 
CS THOC 1 184 0.5326 
CS 4N1 2 184 0.5509 
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CS 4N2 2 184 0.5607 
CS 4N2R 2 184 0.6537 
CS 4N3 2 184 0.6440 
CS 4N4 2 184 0.4879 
CS 4N5 2 184 0.7214 
CS 4N6 2 184 0.4694 
CS 4N7 2 184 0.4966 
CS 4N7R 2 184 0.5516 
CS 4N8 2 184 0.2717 
CS ABBA 2 184  
CS ACRU 2 184 0.6044 
CS ACSA 2 184 0.8115 
CS BEAL 2 184 0.6262 
CS BEPA 2 184 0.6699 
CS LALA 2 184 0.5005 
CS PIGL 2 184  
CS PIRE 2 184 0.4401 
CS PIRU 2 184 0.5428 
CS PIST 2 184 0.4803 
CS QURU 2 184 0.7690 
CS THOC 2 184 0.4629 
CS 4N1 3 184 0.5721 
CS 4N2 3 184 0.5069 
CS 4N2R 3 184 0.4470 
CS 4N3 3 184 0.6821 
CS 4N4 3 184 0.5140 
CS 4N5 3 184 0.5813 
CS 4N6 3 184 0.4898 
CS 4N7 3 184 0.5374 
CS 4N7R 3 184 0.4696 
CS 4N8 3 184 0.6549 
CS ABBA 3 184 0.6004 
CS ACRU 3 184 0.5745 
CS ACSA 3 184 0.5801 
CS BEAL 3 184 0.7987 
CS BEPA 3 184 0.7411 
CS LALA 3 184 0.6091 
CS PIGL 3 184 0.6016 
CS PIRE 3 184 0.8422 
CS PIRU 3 184 0.4988 
CS PIST 3 184 0.5647 
CS QURU 3 184  
CS THOC 3 184  
CS 4N1 4 184 0.6342 
CS 4N2 4 184 0.6932 
CS 4N2R 4 184  
CS 4N3 4 184 0.5337 
CS 4N4 4 184 0.5682 
CS 4N5 4 184 0.6739 
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CS 4N6 4 184 0.5968 
CS 4N7 4 184 0.5829 
CS 4N7R 4 184 0.5982 
CS 4N8 4 184 0.7146 
CS ABBA 4 184 0.6403 
CS ACRU 4 184 0.6726 
CS ACSA 4 184 0.7601 
CS BEAL 4 184 0.6078 
CS BEPA 4 184 0.7662 
CS LALA 4 184 0.5204 
CS PIGL 4 184 0.9329 
CS PIRE 4 184 0.4514 
CS PIRU 4 184 0.5632 
CS PIST 4 184  
CS QURU 4 184 0.7485 
CS THOC 4 184 0.7661 
NAT 12N 1 28 0.9155 
NAT 2N1 1 28 0.7854 
NAT 2N2 1 28 0.8562 
NAT 2N2RA 1 28 0.9595 
NAT 2N2RB 1 28 0.9114 
NAT 2N3 1 28 1.2321 
NAT 2N4 1 28 1.2758 
NAT 2N4R 1 28 0.8443 
NAT 2N5 1 28 0.9644 
NAT 2N5R 1 28 1.1384 
NAT 2N6 1 28 0.8499 
NAT 2N7 1 28 0.9085 
NAT 2N7RA 1 28 0.9253 
NAT 2N7RB 1 28 0.9104 
NAT 2N8 1 28 1.0310 
NAT 4N1 1 28 0.8738 
NAT 4N2 1 28 1.1594 
NAT 4N2R 1 28 0.8455 
NAT 4N3 1 28 0.8620 
NAT 4N4 1 28 0.8732 
NAT 4N5 1 28 0.8398 
NAT 4N6 1 28 0.9200 
NAT 4N7 1 28 0.8948 
NAT 4N7R 1 28 0.9920 
NAT 4N8 1 28 1.0107 
NAT ABBA 1 28 0.8186 
NAT ACRU 1 28 0.9339 
NAT ACSA 1 28 1.1248 
NAT BEAL 1 28 1.0792 
NAT BEPA 1 28 1.0543 
NAT LALA 1 28 0.7781 
NAT PIGL 1 28 0.7455 
NAT PIRE 1 28 0.9257 
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NAT PIRU 1 28 0.6718 
NAT PIST 1 28 0.8964 
NAT QURU 1 28 1.0007 
NAT THOC 1 28 0.8374 
NAT 12N 2 28 0.9799 
NAT 2N1 2 28 0.9614 
NAT 2N2 2 28 0.9582 
NAT 2N2RA 2 28 1.2350 
NAT 2N2RB 2 28 0.9243 
NAT 2N3 2 28 1.3815 
NAT 2N4 2 28 1.1529 
NAT 2N4R 2 28 0.8513 
NAT 2N5 2 28 0.9571 
NAT 2N5R 2 28 1.0005 
NAT 2N6 2 28 0.8320 
NAT 2N7 2 28 1.0578 
NAT 2N7RA 2 28 0.9514 
NAT 2N7RB 2 28 0.9138 
NAT 2N8 2 28 1.0002 
NAT 4N1 2 28 0.8419 
NAT 4N2 2 28 1.2342 
NAT 4N2R 2 28 0.8267 
NAT 4N3 2 28 0.9082 
NAT 4N4 2 28 1.0227 
NAT 4N5 2 28 0.8445 
NAT 4N6 2 28 0.9478 
NAT 4N7 2 28 0.8855 
NAT 4N7R 2 28 1.0536 
NAT 4N8 2 28 0.9861 
NAT ABBA 2 28 1.0281 
NAT ACRU 2 28 0.8824 
NAT ACSA 2 28 1.0207 
NAT BEAL 2 28 1.3033 
NAT BEPA 2 28 0.9768 
NAT LALA 2 28 0.6973 
NAT PIGL 2 28 0.7841 
NAT PIRE 2 28 0.8537 
NAT PIRU 2 28 0.5463 
NAT PIST 2 28 0.8615 
NAT QURU 2 28 1.2900 
NAT THOC 2 28 0.8732 
NAT 12N 3 28 0.8638 
NAT 2N1 3 28 0.8321 
NAT 2N2 3 28 0.8981 
NAT 2N2RA 3 28 0.9164 
NAT 2N2RB 3 28 0.9351 
NAT 2N3 3 28 0.9772 
NAT 2N4 3 28 0.9778 
NAT 2N4R 3 28 0.7521 
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NAT 2N5 3 28 0.8563 
NAT 2N5R 3 28 0.9342 
NAT 2N6 3 28 0.7768 
NAT 2N7 3 28 0.9565 
NAT 2N7RA 3 28 0.8588 
NAT 2N7RB 3 28 0.9108 
NAT 2N8 3 28 1.0556 
NAT 4N1 3 28 0.8601 
NAT 4N2 3 28 0.9742 
NAT 4N2R 3 28 0.9631 
NAT 4N3 3 28 1.0045 
NAT 4N4 3 28 0.8349 
NAT 4N5 3 28 0.8515 
NAT 4N6 3 28 1.1059 
NAT 4N7 3 28 0.9104 
NAT 4N7R 3 28 0.8733 
NAT 4N8 3 28 1.0093 
NAT ABBA 3 28 0.8977 
NAT ACRU 3 28 0.7269 
NAT ACSA 3 28 0.9258 
NAT BEAL 3 28 1.0167 
NAT BEPA 3 28 0.9903 
NAT LALA 3 28 0.7934 
NAT PIGL 3 28 0.9800 
NAT PIRE 3 28 0.8800 
NAT PIRU 3 28 0.6598 
NAT PIST 3 28 0.9195 
NAT QURU 3 28 0.9545 
NAT THOC 3 28 0.9470 
NAT 12N 4 28  
NAT 2N1 4 28 0.8464 
NAT 2N2 4 28 0.9025 
NAT 2N2RA 4 28 1.0678 
NAT 2N2RB 4 28 0.9438 
NAT 2N3 4 28 1.2674 
NAT 2N4 4 28 1.3044 
NAT 2N4R 4 28 1.1720 
NAT 2N5 4 28  
NAT 2N5R 4 28 0.9987 
NAT 2N6 4 28 1.0564 
NAT 2N7 4 28 0.9811 
NAT 2N7RA 4 28 1.1972 
NAT 2N7RB 4 28 0.7864 
NAT 2N8 4 28 0.8876 
NAT 4N1 4 28 0.8428 
NAT 4N2 4 28 1.0449 
NAT 4N2R 4 28 0.9504 
NAT 4N3 4 28 0.8988 
NAT 4N4 4 28 0.9825 
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NAT 4N5 4 28 0.8279 
NAT 4N6 4 28 0.9047 
NAT 4N7 4 28 1.1159 
NAT 4N7R 4 28 1.1300 
NAT 4N8 4 28 1.0127 
NAT ABBA 4 28 0.9307 
NAT ACRU 4 28 0.8250 
NAT ACSA 4 28 1.0148 
NAT BEAL 4 28 1.0718 
NAT BEPA 4 28 1.2971 
NAT LALA 4 28 0.8902 
NAT PIGL 4 28 1.0796 
NAT PIRE 4 28 0.9237 
NAT PIRU 4 28 0.8031 
NAT PIST 4 28  
NAT QURU 4 28 1.4148 
NAT THOC 4 28 0.9205 
NAT 12N 1 59 0.6493 
NAT 2N1 1 59 1.2463 
NAT 2N2 1 59  
NAT 2N2RA 1 59 0.6894 
NAT 2N2RB 1 59 0.8621 
NAT 2N3 1 59 0.8744 
NAT 2N4 1 59 0.6585 
NAT 2N4R 1 59 0.7047 
NAT 2N5 1 59 0.7595 
NAT 2N5R 1 59 0.7929 
NAT 2N6 1 59 0.6889 
NAT 2N7 1 59 0.7096 
NAT 2N7RA 1 59 0.7793 
NAT 2N7RB 1 59 0.7763 
NAT 2N8 1 59 0.8017 
NAT 4N1 1 59 0.7490 
NAT 4N2 1 59 0.7438 
NAT 4N2R 1 59 0.7591 
NAT 4N3 1 59 0.7516 
NAT 4N4 1 59 0.7349 
NAT 4N5 1 59 0.7109 
NAT 4N6 1 59 0.7815 
NAT 4N7 1 59 0.6951 
NAT 4N7R 1 59 0.7767 
NAT 4N8 1 59 0.6431 
NAT ABBA 1 59 0.6715 
NAT ACRU 1 59 0.7307 
NAT ACSA 1 59 0.7124 
NAT BEAL 1 59 1.0011 
NAT BEPA 1 59 0.7077 
NAT LALA 1 59 0.7168 
NAT PIGL 1 59 0.6671 
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NAT PIRE 1 59 0.8116 
NAT PIRU 1 59 0.6780 
NAT PIST 1 59 0.7391 
NAT QURU 1 59 0.6941 
NAT THOC 1 59 0.7397 
NAT 12N 2 59 0.6859 
NAT 2N1 2 59 0.6859 
NAT 2N2 2 59 0.7726 
NAT 2N2RA 2 59 0.7627 
NAT 2N2RB 2 59 0.8156 
NAT 2N3 2 59 0.8024 
NAT 2N4 2 59 0.7009 
NAT 2N4R 2 59 0.6250 
NAT 2N5 2 59 0.7725 
NAT 2N5R 2 59 0.7541 
NAT 2N6 2 59 0.6496 
NAT 2N7 2 59 0.7526 
NAT 2N7RA 2 59 0.6081 
NAT 2N7RB 2 59 0.6867 
NAT 2N8 2 59 0.7187 
NAT 4N1 2 59 0.6984 
NAT 4N2 2 59 0.7115 
NAT 4N2R 2 59 0.7853 
NAT 4N3 2 59 0.7787 
NAT 4N4 2 59 0.6835 
NAT 4N5 2 59 0.7146 
NAT 4N6 2 59 0.7431 
NAT 4N7 2 59 0.7603 
NAT 4N7R 2 59 0.7533 
NAT 4N8 2 59 0.6620 
NAT ABBA 2 59 0.6987 
NAT ACRU 2 59 0.6350 
NAT ACSA 2 59 0.6262 
NAT BEAL 2 59 0.9131 
NAT BEPA 2 59 0.5259 
NAT LALA 2 59 0.6963 
NAT PIGL 2 59 0.6510 
NAT PIRE 2 59 0.7932 
NAT PIRU 2 59 0.5699 
NAT PIST 2 59 0.8671 
NAT QURU 2 59 0.7673 
NAT THOC 2 59 0.7130 
NAT 12N 3 59 0.7126 
NAT 2N1 3 59 0.7159 
NAT 2N2 3 59 0.8456 
NAT 2N2RA 3 59 0.7651 
NAT 2N2RB 3 59 0.8213 
NAT 2N3 3 59 0.8431 
NAT 2N4 3 59 0.5826 
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NAT 2N4R 3 59 0.6753 
NAT 2N5 3 59 0.7752 
NAT 2N5R 3 59 0.7130 
NAT 2N6 3 59 0.6200 
NAT 2N7 3 59 0.7452 
NAT 2N7RA 3 59 0.6616 
NAT 2N7RB 3 59 0.6264 
NAT 2N8 3 59 0.7049 
NAT 4N1 3 59 0.7546 
NAT 4N2 3 59 0.7021 
NAT 4N2R 3 59 0.7336 
NAT 4N3 3 59 0.7419 
NAT 4N4 3 59 0.7074 
NAT 4N5 3 59 0.7222 
NAT 4N6 3 59 0.6658 
NAT 4N7 3 59 0.7211 
NAT 4N7R 3 59 0.5813 
NAT 4N8 3 59 0.7780 
NAT ABBA 3 59 0.7621 
NAT ACRU 3 59 0.5824 
NAT ACSA 3 59 0.6890 
NAT BEAL 3 59 0.7735 
NAT BEPA 3 59 0.7337 
NAT LALA 3 59 0.7820 
NAT PIGL 3 59 0.6970 
NAT PIRE 3 59 0.8046 
NAT PIRU 3 59 0.6963 
NAT PIST 3 59 0.8509 
NAT QURU 3 59 0.7163 
NAT THOC 3 59 0.7450 
NAT 12N 4 59 0.7940 
NAT 2N1 4 59 0.7543 
NAT 2N2 4 59 0.8206 
NAT 2N2RA 4 59 0.6621 
NAT 2N2RB 4 59 0.8486 
NAT 2N3 4 59 0.6923 
NAT 2N4 4 59 0.5900 
NAT 2N4R 4 59 0.7084 
NAT 2N5 4 59  
NAT 2N5R 4 59 0.7307 
NAT 2N6 4 59 0.6601 
NAT 2N7 4 59 0.6929 
NAT 2N7RA 4 59 0.6908 
NAT 2N7RB 4 59 0.6568 
NAT 2N8 4 59 0.7564 
NAT 4N1 4 59 0.7184 
NAT 4N2 4 59 0.7150 
NAT 4N2R 4 59 0.7570 
NAT 4N3 4 59 0.7809 
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NAT 4N4 4 59 0.7165 
NAT 4N5 4 59 0.7142 
NAT 4N6 4 59 0.7786 
NAT 4N7 4 59 0.7920 
NAT 4N7R 4 59 0.5316 
NAT 4N8 4 59 0.7687 
NAT ABBA 4 59 0.7243 
NAT ACRU 4 59 0.6087 
NAT ACSA 4 59 0.6153 
NAT BEAL 4 59 0.7886 
NAT BEPA 4 59 0.7070 
NAT LALA 4 59 0.7720 
NAT PIGL 4 59 0.6559 
NAT PIRE 4 59 0.8162 
NAT PIRU 4 59 0.6924 
NAT PIST 4 59  
NAT QURU 4 59 0.7066 
NAT THOC 4 59 0.7611 
NAT 12N 1 124 0.7465 
NAT 2N1 1 124 0.7030 
NAT 2N2 1 124 0.7631 
NAT 2N2RA 1 124 0.9336 
NAT 2N2RB 1 124 0.8372 
NAT 2N3 1 124 0.9367 
NAT 2N4 1 124 0.6444 
NAT 2N4R 1 124 0.6632 
NAT 2N5 1 124 0.8099 
NAT 2N5R 1 124 0.7062 
NAT 2N6 1 124 0.7698 
NAT 2N7 1 124 0.7552 
NAT 2N7RA 1 124 0.7644 
NAT 2N7RB 1 124 0.6843 
NAT 2N8 1 124 0.8881 
NAT 4N1 1 124 0.6928 
NAT 4N2 1 124 0.7532 
NAT 4N2R 1 124 0.6636 
NAT 4N3 1 124 0.6816 
NAT 4N4 1 124 0.6702 
NAT 4N5 1 124  
NAT 4N6 1 124 0.7000 
NAT 4N7 1 124 0.6995 
NAT 4N7R 1 124 0.7377 
NAT 4N8 1 124 0.8718 
NAT ABBA 1 124 0.7479 
NAT ACRU 1 124 0.6444 
NAT ACSA 1 124 0.5341 
NAT BEAL 1 124 0.9639 
NAT BEPA 1 124 0.8547 
NAT LALA 1 124 0.6177 
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NAT PIGL 1 124 0.6115 
NAT PIRE 1 124 0.8015 
NAT PIRU 1 124 0.5155 
NAT PIST 1 124 0.7717 
NAT QURU 1 124 0.7626 
NAT THOC 1 124 0.7679 
NAT 12N 2 124 0.5830 
NAT 2N1 2 124 0.6515 
NAT 2N2 2 124 0.7576 
NAT 2N2RA 2 124 0.5995 
NAT 2N2RB 2 124 0.8231 
NAT 2N3 2 124 0.6723 
NAT 2N4 2 124 0.8161 
NAT 2N4R 2 124 0.6477 
NAT 2N5 2 124 0.7519 
NAT 2N5R 2 124 0.6568 
NAT 2N6 2 124 0.6429 
NAT 2N7 2 124 0.8170 
NAT 2N7RA 2 124 0.6435 
NAT 2N7RB 2 124 0.7759 
NAT 2N8 2 124 0.7199 
NAT 4N1 2 124 0.6020 
NAT 4N2 2 124 0.5154 
NAT 4N2R 2 124 0.6423 
NAT 4N3 2 124 0.6686 
NAT 4N4 2 124 0.6861 
NAT 4N5 2 124 0.6207 
NAT 4N6 2 124 0.7330 
NAT 4N7 2 124 0.8890 
NAT 4N7R 2 124 0.7010 
NAT 4N8 2 124 0.7015 
NAT ABBA 2 124 0.7034 
NAT ACRU 2 124 0.7757 
NAT ACSA 2 124 0.7612 
NAT BEAL 2 124 0.9688 
NAT BEPA 2 124 0.5154 
NAT LALA 2 124 0.6546 
NAT PIGL 2 124 0.6722 
NAT PIRE 2 124 0.7643 
NAT PIRU 2 124 0.4781 
NAT PIST 2 124 0.8066 
NAT QURU 2 124 0.6898 
NAT THOC 2 124 0.6866 
NAT 12N 3 124 0.7795 
NAT 2N1 3 124 0.6243 
NAT 2N2 3 124 0.7630 
NAT 2N2RA 3 124 0.8284 
NAT 2N2RB 3 124 0.8338 
NAT 2N3 3 124 0.9889 
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NAT 2N4 3 124 0.6545 
NAT 2N4R 3 124 0.6643 
NAT 2N5 3 124 0.7544 
NAT 2N5R 3 124 0.7106 
NAT 2N6 3 124 0.6562 
NAT 2N7 3 124 0.6795 
NAT 2N7RA 3 124 0.6148 
NAT 2N7RB 3 124 0.7839 
NAT 2N8 3 124 0.7657 
NAT 4N1 3 124 0.7722 
NAT 4N2 3 124 0.7366 
NAT 4N2R 3 124 0.7868 
NAT 4N3 3 124 0.6884 
NAT 4N4 3 124 0.7144 
NAT 4N5 3 124 0.6743 
NAT 4N6 3 124 0.7670 
NAT 4N7 3 124 0.7406 
NAT 4N7R 3 124 0.6393 
NAT 4N8 3 124 0.6532 
NAT ABBA 3 124 0.6527 
NAT ACRU 3 124 0.6809 
NAT ACSA 3 124 0.7239 
NAT BEAL 3 124 0.9765 
NAT BEPA 3 124 0.7565 
NAT LALA 3 124 0.6826 
NAT PIGL 3 124 0.6423 
NAT PIRE 3 124 0.7708 
NAT PIRU 3 124 0.6203 
NAT PIST 3 124 0.8534 
NAT QURU 3 124 0.7169 
NAT THOC 3 124 0.8102 
NAT 12N 4 124 0.7543 
NAT 2N1 4 124 0.7347 
NAT 2N2 4 124 0.7643 
NAT 2N2RA 4 124 0.7529 
NAT 2N2RB 4 124 0.8209 
NAT 2N3 4 124 0.8048 
NAT 2N4 4 124 0.7320 
NAT 2N4R 4 124 0.6745 
NAT 2N5 4 124  
NAT 2N5R 4 124 0.8303 
NAT 2N6 4 124 0.6523 
NAT 2N7 4 124 0.7768 
NAT 2N7RA 4 124 0.6778 
NAT 2N7RB 4 124 0.6680 
NAT 2N8 4 124 0.6998 
NAT 4N1 4 124 0.7788 
NAT 4N2 4 124 0.9186 
NAT 4N2R 4 124 0.7479 
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NAT 4N3 4 124 0.6041 
NAT 4N4 4 124 0.6910 
NAT 4N5 4 124 0.7539 
NAT 4N6 4 124 0.6546 
NAT 4N7 4 124 0.9559 
NAT 4N7R 4 124 0.8821 
NAT 4N8 4 124 0.7228 
NAT ABBA 4 124  
NAT ACRU 4 124 0.7157 
NAT ACSA 4 124 0.5816 
NAT BEAL 4 124 0.8876 
NAT BEPA 4 124 0.6742 
NAT LALA 4 124 0.6374 
NAT PIGL 4 124 0.6486 
NAT PIRE 4 124 0.8180 
NAT PIRU 4 124 0.8745 
NAT PIST 4 124  
NAT QURU 4 124 0.6219 
NAT THOC 4 124 0.7470 
NAT 12N 1 184 0.5449 
NAT 2N1 1 184 0.5836 
NAT 2N2 1 184  
NAT 2N2RA 1 184 0.5189 
NAT 2N2RB 1 184 0.8569 
NAT 2N3 1 184 0.7551 
NAT 2N4 1 184 0.5033 
NAT 2N4R 1 184 0.6391 
NAT 2N5 1 184 0.7792 
NAT 2N5R 1 184 0.4954 
NAT 2N6 1 184 0.6170 
NAT 2N7 1 184 0.6362 
NAT 2N7RA 1 184 0.5851 
NAT 2N7RB 1 184 0.5646 
NAT 2N8 1 184 0.6597 
NAT 4N1 1 184 0.5922 
NAT 4N2 1 184 0.3722 
NAT 4N2R 1 184 0.7542 
NAT 4N3 1 184 0.5998 
NAT 4N4 1 184 0.5325 
NAT 4N5 1 184 0.5605 
NAT 4N6 1 184 0.4684 
NAT 4N7 1 184 0.6508 
NAT 4N7R 1 184 0.6035 
NAT 4N8 1 184 0.6112 
NAT ABBA 1 184 0.6599 
NAT ACRU 1 184 0.4950 
NAT ACSA 1 184 0.4556 
NAT BEAL 1 184 0.7995 
NAT BEPA 1 184 0.5990 
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NAT LALA 1 184 0.7543 
NAT PIGL 1 184 0.6160 
NAT PIRE 1 184 0.7676 
NAT PIRU 1 184 0.6607 
NAT PIST 1 184 0.7903 
NAT QURU 1 184 0.5856 
NAT THOC 1 184 0.6890 
NAT 12N 2 184 0.6651 
NAT 2N1 2 184 0.5568 
NAT 2N2 2 184 0.7860 
NAT 2N2RA 2 184 0.6226 
NAT 2N2RB 2 184  
NAT 2N3 2 184 0.7369 
NAT 2N4 2 184 0.6577 
NAT 2N4R 2 184 0.6764 
NAT 2N5 2 184 0.7188 
NAT 2N5R 2 184 0.4613 
NAT 2N6 2 184 0.6102 
NAT 2N7 2 184 0.6429 
NAT 2N7RA 2 184 0.5914 
NAT 2N7RB 2 184 0.6882 
NAT 2N8 2 184 0.7183 
NAT 4N1 2 184 0.6247 
NAT 4N2 2 184 0.4094 
NAT 4N2R 2 184 0.7022 
NAT 4N3 2 184 0.5450 
NAT 4N4 2 184 0.6437 
NAT 4N5 2 184 0.5765 
NAT 4N6 2 184 0.6425 
NAT 4N7 2 184 0.8301 
NAT 4N7R 2 184 0.5964 
NAT 4N8 2 184 0.4819 
NAT ABBA 2 184 0.7099 
NAT ACRU 2 184 0.4751 
NAT ACSA 2 184 0.5394 
NAT BEAL 2 184 0.3547 
NAT BEPA 2 184 0.3864 
NAT LALA 2 184 0.6418 
NAT PIGL 2 184 0.6812 
NAT PIRE 2 184 0.7425 
NAT PIRU 2 184 0.4797 
NAT PIST 2 184 0.7712 
NAT QURU 2 184 0.4927 
NAT THOC 2 184 0.7326 
NAT 12N 3 184 0.5957 
NAT 2N1 3 184 0.6316 
NAT 2N2 3 184 0.7993 
NAT 2N2RA 3 184 0.4195 
NAT 2N2RB 3 184 0.7934 
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NAT 2N3 3 184 0.6714 
NAT 2N4 3 184 0.5276 
NAT 2N4R 3 184 0.8340 
NAT 2N5 3 184 0.8620 
NAT 2N5R 3 184 0.6283 
NAT 2N6 3 184 0.5993 
NAT 2N7 3 184 0.7034 
NAT 2N7RA 3 184 0.5298 
NAT 2N7RB 3 184 0.9269 
NAT 2N8 3 184 0.7483 
NAT 4N1 3 184 0.7061 
NAT 4N2 3 184 0.4209 
NAT 4N2R 3 184 0.7633 
NAT 4N3 3 184 0.5587 
NAT 4N4 3 184 0.5404 
NAT 4N5 3 184 0.5885 
NAT 4N6 3 184 0.7041 
NAT 4N7 3 184 0.5339 
NAT 4N7R 3 184 0.5223 
NAT 4N8 3 184 0.6962 
NAT ABBA 3 184 0.6500 
NAT ACRU 3 184 0.6736 
NAT ACSA 3 184 0.6257 
NAT BEAL 3 184 0.6787 
NAT BEPA 3 184 0.5084 
NAT LALA 3 184 0.7570 
NAT PIGL 3 184 0.6092 
NAT PIRE 3 184 0.7408 
NAT PIRU 3 184 0.5355 
NAT PIST 3 184  
NAT QURU 3 184 0.4489 
NAT THOC 3 184  
NAT 12N 4 184 0.6615 
NAT 2N1 4 184 0.7616 
NAT 2N2 4 184 0.8253 
NAT 2N2RA 4 184 0.4409 
NAT 2N2RB 4 184 0.6490 
NAT 2N3 4 184 0.3800 
NAT 2N4 4 184 0.5293 
NAT 2N4R 4 184 0.6125 
NAT 2N5 4 184  
NAT 2N5R 4 184 0.7138 
NAT 2N6 4 184 0.5891 
NAT 2N7 4 184 0.8049 
NAT 2N7RA 4 184  
NAT 2N7RB 4 184 0.5625 
NAT 2N8 4 184 0.3909 
NAT 4N1 4 184 0.7987 
NAT 4N2 4 184 0.8865 
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NAT 4N2R 4 184 0.8351 
NAT 4N3 4 184 0.5442 
NAT 4N4 4 184 0.6387 
NAT 4N5 4 184 0.6100 
NAT 4N6 4 184 0.6923 
NAT 4N7 4 184 0.6757 
NAT 4N7R 4 184 0.8011 
NAT 4N8 4 184 0.6987 
NAT ABBA 4 184 0.6990 
NAT ACRU 4 184 0.6497 
NAT ACSA 4 184 0.7139 
NAT BEAL 4 184 0.8736 
NAT BEPA 4 184 0.6495 
NAT LALA 4 184 0.6974 
NAT PIGL 4 184 0.5468 
NAT PIRE 4 184 0.7109 
NAT PIRU 4 184 0.6937 
NAT PIST 4 184  
NAT QURU 4 184 0.9874 
NAT THOC 4 184 0.8019 
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APPENDIX IV- CHAPTER III K AND CO2 FLUX VALUES 
 
Rates of soil CO2 efflux (µmolCO2m-2s-1) and litter mass loss, k (gd-1d-1) for natural litter (NAT.K) and 
the common substrate (CS.K). 
 
Block Community CO2 Flux NAT.K CS.K 
1 12N 0.0019 0.0026  
1 2N1 0.0020 0.0024  
1 2N2 0.0020 0.0020  
1 2N2RA 0.0016 0.0024  
1 2N2RB 0.0030 0.0010  
1 2N3 0.0022 0.0013  
1 2N4 0.0019 0.0033  
1 2N4R 0.0014 0.0023  
1 2N5 0.0021 0.0014  
1 2N5R 0.0019 0.0031  
1 2N6 0.0021 0.0022  
1 2N7 0.0025 0.0021  
1 2N7RA 0.0027 0.0023  
1 2N7RB 0.0021 0.0026  
1 2N8 0.0034 0.0018  
1 4N1 0.0027 0.0024 0.0042 
1 4N2 0.0029 0.0038 0.0022 
1 4N2R 0.0013 0.0018 0.0024 
1 4N3 0.0025 0.0024 0.0032 
1 4N4 0.0019 0.0028 0.0031 
1 4N5 0.0029 0.0027 0.0027 
1 4N6 0.0027 0.0031 0.0032 
1 4N7 0.0022 0.0022 0.0025 
1 4N7R 0.0014 0.0023 0.0017 
1 4N8 0.0028 0.0021 0.0032 
1 ABBA 0.0018 0.0020 0.0025 
1 ACRU 0.0023 0.0031 0.0022 
1 ACSA 0.0020 0.0038 0.0020 
1 BEAL 0.0016  0.0027 
1 BEPA 0.0018 0.0022 0.0019 
1 LALA 0.0009 0.0019 0.0032 
1 PIGL 0.0017 0.0025 0.0028 
1 PIRE 0.0013 0.0014 0.0031 
1 PIRU 0.0025 0.0025 0.0031 
1 PIST 0.0010 0.0014 0.0043 
1 QURU 0.0018 0.0024 0.0016 
1 THOC 0.0026 0.0018 0.0033 
2 12N 0.0024 0.0025  
2 2N1 0.0021 0.0028  
2 2N2 0.0022 0.0015  
2 2N2RA 0.0012 0.0027  
2 2N2RB 0.0020 0.0018  
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2 2N3 0.0021 0.0020  
2 2N4 0.0015 0.0020  
2 2N4R 0.0008 0.0022  
2 2N5 0.0013 0.0018  
2 2N5R 0.0016 0.0033  
2 2N6 0.0026 0.0025  
2 2N7 0.0019 0.0020  
2 2N7RA 0.0023 0.0027  
2 2N7RB 0.0022 0.0018  
2 2N8 0.0019 0.0019  
2 4N1 0.0018 0.0025 0.0025 
2 4N2 0.0017 0.0042 0.0025 
2 4N2R 0.0025 0.0020 0.0023 
2 4N3 0.0018 0.0028 0.0024 
2 4N4 0.0033 0.0023 0.0034 
2 4N5 0.0022 0.0027 0.0022 
2 4N6 0.0031 0.0021 0.0031 
2 4N7 0.0018 0.0010 0.0030 
2 4N7R 0.0013 0.0025 0.0025 
2 4N8 0.0026 0.0031 0.0051 
2 ABBA 0.0025 0.0020 0.0032 
2 ACRU 0.0022 0.0030 0.0022 
2 ACSA 0.0018 0.0027 0.0014 
2 BEAL 0.0015  0.0022 
2 BEPA 0.0022 0.0044 0.0019 
2 LALA 0.0015 0.0022 0.0031 
2 PIGL 0.0020 0.0021 0.0028 
2 PIRE 0.0020 0.0016 0.0034 
2 PIRU 0.0017 0.0036 0.0030 
2 PIST 0.0020 0.0013 0.0036 
2 QURU 0.0024 0.0030 0.0014 
2 THOC 0.0025 0.0018 0.0035 
3 12N 0.0025 0.0022  
3 2N1 0.0020 0.0024  
3 2N2 0.0013 0.0014  
3 2N2RA 0.0016 0.0032  
3 2N2RB 0.0027 0.0013  
3 2N3 0.0014 0.0015  
3 2N4 0.0023 0.0030  
3 2N4R 0.0013 0.0015  
3 2N5 0.0011 0.0012  
3 2N5R 0.0010 0.0023  
3 2N6 0.0023 0.0025  
3 2N7 0.0019 0.0020  
3 2N7RA 0.0024 0.0030  
3 2N7RB 0.0026 0.0010  
3 2N8 0.0026 0.0017  
3 4N1 0.0017 0.0017 0.0024 
3 4N2 0.0029 0.0034 0.0030 
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3 4N2R 0.0021 0.0015 0.0034 
3 4N3 0.0019 0.0027 0.0019 
3 4N4 0.0023 0.0027 0.0031 
3 4N5 0.0025 0.0025 0.0027 
3 4N6 0.0019 0.0019 0.0032 
3 4N7 0.0028 0.0027 0.0024 
3 4N7R 0.0041 0.0030 0.0031 
3 4N8 0.0045 0.0021 0.0021 
3 ABBA 0.0021 0.0023 0.0027 
3 ACRU 0.0015 0.0021 0.0025 
3 ACSA 0.0013 0.0023 0.0024 
3 BEAL 0.0017  0.0017 
3 BEPA 0.0018 0.0028 0.0016 
3 LALA 0.0011 0.0017 0.0023 
3 PIGL 0.0015 0.0026 0.0022 
3 PIRE 0.0019 0.0016 0.0014 
3 PIRU 0.0019 0.0028 0.0030 
3 PIST 0.0014 0.0016 0.0028 
3 QURU 0.0019 0.0033 0.0015 
3 THOC 0.0024 0.0019 0.0028 
4 12N 0.0023 0.0020  
4 2N1 0.0016 0.0016  
4 2N2 0.0018 0.0013  
4 2N2RA 0.0012 0.0033  
4 2N2RB 0.0019 0.0019  
4 2N3 0.0015 0.0037  
4 2N4 0.0017 0.0029  
4 2N4R 0.0014 0.0024  
4 2N5 0.0023   
4 2N5R 0.0022 0.0016  
4 2N6 0.0013 0.0027  
4 2N7 0.0012 0.0014  
4 2N7RA 0.0027 0.0027  
4 2N7RB 0.0023 0.0027  
4 2N8 0.0022 0.0037  
4 4N1 0.0028 0.0013 0.0021 
4 4N2 0.0016 0.0008 0.0018 
4 4N2R 0.0017 0.0013 0.0023 
4 4N3 0.0023 0.0029 0.0029 
4 4N4 0.0021 0.0023 0.0026 
4 4N5 0.0013 0.0022 0.0021 
4 4N6 0.0017 0.0021 0.0025 
4 4N7 0.0026 0.0016 0.0025 
4 4N7R 0.0022 0.0013 0.0024 
4 4N8 0.0026 0.0019 0.0020 
4 ABBA 0.0020 0.0019 0.0023 
4 ACRU 0.0018 0.0021 0.0018 
4 ACSA 0.0018 0.0023 0.0013 
4 BEAL 0.0020  0.0024 
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4 BEPA 0.0016 0.0022 0.0016 
4 LALA 0.0012 0.0021 0.0029 
4 PIGL 0.0021 0.0029 0.0031 
4 PIRE 0.0017 0.0016 0.0036 
4 PIRU 0.0021 0.0016 0.0026 
4 PIST 0.0018 0.0014 0.0018 
4 QURU 0.0019 0.0030 0.0016 
4 THOC 0.0025 0.0014 0.0017 
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APPENDIX V – CHAPTER IV MASS LOSS DATA 
 
Percent litter dry mass remaining in litterbags 28, 59, 124 and 184 days after incubation. Litter Type 
is either Acer saccharum (L1), Acer rubrum (L2), Quercus rubra (L3), Betula papyrifera (L4) or a 
mixture of the four species (LM). Refer to Appendix I for community codes. 
 
Litter Type Community Block Days % Mass Remaining 
L1 4N1 1 28 0.7536 
L2 4N1 1 28 0.7734 
L3 4N1 1 28 0.8170 
L4 4N1 1 28 0.9190 
LM 4N1 1 28 0.7941 
L1 4N2 1 28 0.8525 
L2 4N2 1 28 0.9353 
L3 4N2 1 28 0.9280 
L4 4N2 1 28  
LM 4N2 1 28 0.9281 
L1 4N2R 1 28 0.7585 
L2 4N2R 1 28 0.7777 
L3 4N2R 1 28 0.7521 
L4 4N2R 1 28 0.9269 
LM 4N2R 1 28 0.7995 
L1 4N3 1 28 0.7766 
L2 4N3 1 28 0.7858 
L3 4N3 1 28 0.8365 
L4 4N3 1 28 0.9627 
LM 4N3 1 28 0.8118 
L1 4N4 1 28 0.7912 
L2 4N4 1 28 0.7619 
L3 4N4 1 28  
L4 4N4 1 28 0.9688 
LM 4N4 1 28 0.8578 
L1 4N5 1 28 0.6796 
L2 4N5 1 28 0.8084 
L3 4N5 1 28 0.9800 
L4 4N5 1 28 0.9921 
LM 4N5 1 28 0.7518 
L1 4N6 1 28 0.7402 
L2 4N6 1 28 0.8193 
L3 4N6 1 28 0.8138 
L4 4N6 1 28 0.9196 
LM 4N6 1 28 0.7967 
L1 4N7 1 28 0.7576 
L2 4N7 1 28 0.8631 
L3 4N7 1 28 0.8566 
L4 4N7 1 28 0.9441 
LM 4N7 1 28 0.8586 
L1 4N7R 1 28 0.8719 
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L2 4N7R 1 28 0.7882 
L3 4N7R 1 28 0.8757 
L4 4N7R 1 28 0.9425 
LM 4N7R 1 28 0.8985 
L1 4N8 1 28 0.7700 
L2 4N8 1 28 0.8118 
L3 4N8 1 28 0.7856 
L4 4N8 1 28 0.8978 
LM 4N8 1 28 0.8099 
L1 4N1 2 28 0.7625 
L2 4N1 2 28 0.8589 
L3 4N1 2 28 0.8724 
L4 4N1 2 28 0.9276 
LM 4N1 2 28 0.8043 
L1 4N2 2 28 1.1419 
L2 4N2 2 28 1.1485 
L3 4N2 2 28 1.1840 
L4 4N2 2 28 0.9938 
LM 4N2 2 28 0.9582 
L1 4N2R 2 28 0.8621 
L2 4N2R 2 28 0.8177 
L3 4N2R 2 28 0.7453 
L4 4N2R 2 28 0.9215 
LM 4N2R 2 28 0.8942 
L1 4N3 2 28 0.7644 
L2 4N3 2 28 0.9075 
L3 4N3 2 28 0.8227 
L4 4N3 2 28 0.9613 
LM 4N3 2 28 0.7842 
L1 4N4 2 28 0.9711 
L2 4N4 2 28 0.9196 
L3 4N4 2 28 0.9081 
L4 4N4 2 28 1.0341 
LM 4N4 2 28 0.9778 
L1 4N5 2 28 0.8458 
L2 4N5 2 28 1.0844 
L3 4N5 2 28 1.2011 
L4 4N5 2 28 1.0224 
LM 4N5 2 28 0.9650 
L1 4N6 2 28 0.8399 
L2 4N6 2 28 0.9445 
L3 4N6 2 28 0.7811 
L4 4N6 2 28 1.0079 
LM 4N6 2 28 0.8430 
L1 4N7 2 28 0.7990 
L2 4N7 2 28 0.7555 
L3 4N7 2 28 0.7713 
L4 4N7 2 28 1.0003 
LM 4N7 2 28 1.2371 
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L1 4N7R 2 28 1.0512 
L2 4N7R 2 28 1.3915 
L3 4N7R 2 28 1.1914 
L4 4N7R 2 28 1.0597 
LM 4N7R 2 28 1.0383 
L1 4N8 2 28 0.7881 
L2 4N8 2 28 0.9834 
L3 4N8 2 28 0.8414 
L4 4N8 2 28 1.0375 
LM 4N8 2 28 0.9049 
L1 4N1 3 28 0.7588 
L2 4N1 3 28 0.9059 
L3 4N1 3 28 0.8311 
L4 4N1 3 28 0.9384 
LM 4N1 3 28 0.7800 
L1 4N2 3 28 0.7716 
L2 4N2 3 28 0.9366 
L3 4N2 3 28 0.9266 
L4 4N2 3 28 1.0004 
LM 4N2 3 28 0.9530 
L1 4N2R 3 28 0.7246 
L2 4N2R 3 28 0.7916 
L3 4N2R 3 28 0.8552 
L4 4N2R 3 28 0.9108 
LM 4N2R 3 28 0.7802 
L1 4N3 3 28 0.7652 
L2 4N3 3 28 0.7410 
L3 4N3 3 28 0.8118 
L4 4N3 3 28 0.9567 
LM 4N3 3 28 0.8605 
L1 4N4 3 28 0.7150 
L2 4N4 3 28 0.8791 
L3 4N4 3 28 0.9061 
L4 4N4 3 28 0.9364 
LM 4N4 3 28 0.8529 
L1 4N5 3 28 0.8246 
L2 4N5 3 28 0.8310 
L3 4N5 3 28 0.8665 
L4 4N5 3 28 0.9741 
LM 4N5 3 28 0.7821 
L1 4N6 3 28 0.8874 
L2 4N6 3 28 0.8186 
L3 4N6 3 28 0.8022 
L4 4N6 3 28 0.8994 
LM 4N6 3 28 0.8965 
L1 4N7 3 28 0.7619 
L2 4N7 3 28 0.7860 
L3 4N7 3 28 0.7907 
L4 4N7 3 28 0.9560 
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LM 4N7 3 28 0.7940 
L1 4N7R 3 28 0.8626 
L2 4N7R 3 28 0.8290 
L3 4N7R 3 28 0.8209 
L4 4N7R 3 28 0.9551 
LM 4N7R 3 28 0.8733 
L1 4N8 3 28 0.7905 
L2 4N8 3 28 0.8422 
L3 4N8 3 28 0.8198 
L4 4N8 3 28 0.9602 
LM 4N8 3 28 0.8951 
L1 4N1 4 28 0.8422 
L2 4N1 4 28 0.9022 
L3 4N1 4 28 0.8394 
L4 4N1 4 28 0.9849 
LM 4N1 4 28 0.8825 
L1 4N2 4 28 0.8407 
L2 4N2 4 28 0.8722 
L3 4N2 4 28 0.8831 
L4 4N2 4 28 0.9881 
LM 4N2 4 28 0.9468 
L1 4N2R 4 28 0.6818 
L2 4N2R 4 28 0.7678 
L3 4N2R 4 28 0.7204 
L4 4N2R 4 28 0.9408 
LM 4N2R 4 28 0.8380 
L1 4N3 4 28 0.7206 
L2 4N3 4 28 0.8115 
L3 4N3 4 28 0.7813 
L4 4N3 4 28 0.9448 
LM 4N3 4 28 0.7795 
L1 4N4 4 28 0.8129 
L2 4N4 4 28 0.8335 
L3 4N4 4 28 0.8082 
L4 4N4 4 28 0.9315 
LM 4N4 4 28 0.8412 
L1 4N5 4 28 0.7257 
L2 4N5 4 28 0.7995 
L3 4N5 4 28 0.7702 
L4 4N5 4 28 0.9324 
LM 4N5 4 28 0.8424 
L1 4N6 4 28 0.7447 
L2 4N6 4 28 0.7466 
L3 4N6 4 28 0.8804 
L4 4N6 4 28 0.9202 
LM 4N6 4 28 0.8164 
L1 4N7 4 28 0.7687 
L2 4N7 4 28 0.8058 
L3 4N7 4 28 0.8227 
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L4 4N7 4 28 0.9223 
LM 4N7 4 28 0.8292 
L1 4N7R 4 28 0.8108 
L2 4N7R 4 28 0.8288 
L3 4N7R 4 28 0.9120 
L4 4N7R 4 28 1.0024 
LM 4N7R 4 28 0.8843 
L1 4N8 4 28 0.7809 
L2 4N8 4 28 0.8472 
L3 4N8 4 28 0.8822 
L4 4N8 4 28 0.9655 
LM 4N8 4 28 0.8815 
L1 4N1 1 59 0.6997 
L2 4N1 1 59 0.7888 
L3 4N1 1 59 0.6766 
L4 4N1 1 59 0.8691 
LM 4N1 1 59 0.9620 
L1 4N2 1 59 0.8179 
L2 4N2 1 59 1.0057 
L3 4N2 1 59 0.8959 
L4 4N2 1 59 1.0919 
LM 4N2 1 59 0.8757 
L1 4N2R 1 59 0.5942 
L2 4N2R 1 59 0.6515 
L3 4N2R 1 59 0.7010 
L4 4N2R 1 59 0.8240 
LM 4N2R 1 59 0.7169 
L1 4N3 1 59  
L2 4N3 1 59  
L3 4N3 1 59  
L4 4N3 1 59  
LM 4N3 1 59  
L1 4N4 1 59 0.7357 
L2 4N4 1 59 0.6961 
L3 4N4 1 59 0.7006 
L4 4N4 1 59 0.9188 
LM 4N4 1 59 0.7405 
L1 4N5 1 59 0.7271 
L2 4N5 1 59 0.6875 
L3 4N5 1 59 0.7034 
L4 4N5 1 59 0.9358 
LM 4N5 1 59 0.7553 
L1 4N6 1 59 0.6591 
L2 4N6 1 59 0.6937 
L3 4N6 1 59 0.7093 
L4 4N6 1 59 0.8779 
LM 4N6 1 59 0.7274 
L1 4N7 1 59 0.6261 
L2 4N7 1 59 0.8037 
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L3 4N7 1 59 0.7868 
L4 4N7 1 59 0.8551 
LM 4N7 1 59 0.7722 
L1 4N7R 1 59 0.9690 
L2 4N7R 1 59 0.7190 
L3 4N7R 1 59 0.9829 
L4 4N7R 1 59 0.9880 
LM 4N7R 1 59 0.8719 
L1 4N8 1 59 0.7481 
L2 4N8 1 59 0.7980 
L3 4N8 1 59 0.8198 
L4 4N8 1 59 0.9993 
LM 4N8 1 59 0.7823 
L1 4N1 2 59 0.6449 
L2 4N1 2 59 0.7334 
L3 4N1 2 59 0.7048 
L4 4N1 2 59 0.8432 
LM 4N1 2 59 0.7285 
L1 4N2 2 59 0.9062 
L2 4N2 2 59 0.6965 
L3 4N2 2 59 0.9236 
L4 4N2 2 59 0.9976 
LM 4N2 2 59 0.8337 
L1 4N2R 2 59  
L2 4N2R 2 59 0.7375 
L3 4N2R 2 59 0.6967 
L4 4N2R 2 59 0.8622 
LM 4N2R 2 59 0.7941 
L1 4N3 2 59 0.8124 
L2 4N3 2 59 0.6924 
L3 4N3 2 59 0.9191 
L4 4N3 2 59 0.9656 
LM 4N3 2 59 0.9738 
L1 4N4 2 59 0.7680 
L2 4N4 2 59 0.7485 
L3 4N4 2 59 0.7621 
L4 4N4 2 59 1.0276 
LM 4N4 2 59 0.7493 
L1 4N5 2 59 0.6399 
L2 4N5 2 59 0.6711 
L3 4N5 2 59 0.9890 
L4 4N5 2 59 0.9922 
LM 4N5 2 59 0.7799 
L1 4N6 2 59 0.8068 
L2 4N6 2 59 0.8147 
L3 4N6 2 59 0.7656 
L4 4N6 2 59 0.9148 
LM 4N6 2 59 0.7001 
L1 4N7 2 59 0.6419 
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L2 4N7 2 59 0.7355 
L3 4N7 2 59 0.8804 
L4 4N7 2 59 0.9126 
LM 4N7 2 59 0.8136 
L1 4N7R 2 59 0.7967 
L2 4N7R 2 59 0.5694 
L3 4N7R 2 59 0.8139 
L4 4N7R 2 59 1.0543 
LM 4N7R 2 59 0.8982 
L1 4N8 2 59 0.7555 
L2 4N8 2 59 0.8276 
L3 4N8 2 59 0.8132 
L4 4N8 2 59 0.9064 
LM 4N8 2 59 0.9587 
L1 4N1 3 59 0.7062 
L2 4N1 3 59 0.8696 
L3 4N1 3 59 0.8192 
L4 4N1 3 59 0.9030 
LM 4N1 3 59 0.7875 
L1 4N2 3 59 0.9318 
L2 4N2 3 59 0.9771 
L3 4N2 3 59 0.8664 
L4 4N2 3 59 1.0092 
LM 4N2 3 59 0.8122 
L1 4N2R 3 59 0.6907 
L2 4N2R 3 59 0.7493 
L3 4N2R 3 59 0.7462 
L4 4N2R 3 59 0.8235 
LM 4N2R 3 59 0.7219 
L1 4N3 3 59 0.6715 
L2 4N3 3 59 0.7689 
L3 4N3 3 59 0.7321 
L4 4N3 3 59 0.9258 
LM 4N3 3 59 0.8473 
L1 4N4 3 59 0.7189 
L2 4N4 3 59 0.7107 
L3 4N4 3 59 0.7451 
L4 4N4 3 59 0.8806 
LM 4N4 3 59 0.7220 
L1 4N5 3 59 0.6859 
L2 4N5 3 59 0.6479 
L3 4N5 3 59 0.8664 
L4 4N5 3 59 0.9008 
LM 4N5 3 59 0.8042 
L1 4N6 3 59 0.6670 
L2 4N6 3 59 0.6319 
L3 4N6 3 59 0.7697 
L4 4N6 3 59 0.9472 
LM 4N6 3 59 0.7435 
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L1 4N7 3 59 0.8868 
L2 4N7 3 59 0.8188 
L3 4N7 3 59 0.7127 
L4 4N7 3 59 0.7952 
LM 4N7 3 59 0.7701 
L1 4N7R 3 59 0.7756 
L2 4N7R 3 59 0.6607 
L3 4N7R 3 59 0.7359 
L4 4N7R 3 59 0.9091 
LM 4N7R 3 59 0.7777 
L1 4N8 3 59 0.8001 
L2 4N8 3 59 0.8999 
L3 4N8 3 59 0.8708 
L4 4N8 3 59 0.9158 
LM 4N8 3 59 0.8431 
L1 4N1 4 59 0.8186 
L2 4N1 4 59 0.7339 
L3 4N1 4 59 0.9808 
L4 4N1 4 59 0.9218 
LM 4N1 4 59 0.7600 
L1 4N2 4 59 0.7911 
L2 4N2 4 59 0.9183 
L3 4N2 4 59 0.9116 
L4 4N2 4 59 1.1354 
LM 4N2 4 59 0.8605 
L1 4N2R 4 59 0.6872 
L2 4N2R 4 59 0.7782 
L3 4N2R 4 59 0.7775 
L4 4N2R 4 59 0.8298 
LM 4N2R 4 59 0.7711 
L1 4N3 4 59 0.6483 
L2 4N3 4 59 0.6726 
L3 4N3 4 59 0.6865 
L4 4N3 4 59 0.8353 
LM 4N3 4 59 0.7616 
L1 4N4 4 59 0.8816 
L2 4N4 4 59 0.7523 
L3 4N4 4 59 0.7773 
L4 4N4 4 59 0.8592 
LM 4N4 4 59 0.7812 
L1 4N5 4 59 0.8015 
L2 4N5 4 59 0.8090 
L3 4N5 4 59 0.8567 
L4 4N5 4 59 0.8823 
LM 4N5 4 59 0.7258 
L1 4N6 4 59 0.6200 
L2 4N6 4 59 0.7359 
L3 4N6 4 59 0.7946 
L4 4N6 4 59 0.8358 
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LM 4N6 4 59 0.7444 
L1 4N7 4 59 0.7238 
L2 4N7 4 59 0.7820 
L3 4N7 4 59 0.7959 
L4 4N7 4 59 0.8561 
LM 4N7 4 59 0.8266 
L1 4N7R 4 59 0.8372 
L2 4N7R 4 59 0.8874 
L3 4N7R 4 59 0.6768 
L4 4N7R 4 59 0.8526 
LM 4N7R 4 59 0.7608 
L1 4N8 4 59 0.6967 
L2 4N8 4 59 0.7405 
L3 4N8 4 59 0.7918 
L4 4N8 4 59 0.9575 
LM 4N8 4 59 0.7985 
L1 4N1 1 124 0.5921 
L2 4N1 1 124 0.6075 
L3 4N1 1 124 0.6831 
L4 4N1 1 124 0.7510 
LM 4N1 1 124 0.6533 
L1 4N2 1 124 0.7790 
L2 4N2 1 124 0.6873 
L3 4N2 1 124 0.8065 
L4 4N2 1 124 0.9848 
LM 4N2 1 124 0.7046 
L1 4N2R 1 124 0.5507 
L2 4N2R 1 124 0.5580 
L3 4N2R 1 124 0.6182 
L4 4N2R 1 124 0.6778 
LM 4N2R 1 124 0.6157 
L1 4N3 1 124 0.6233 
L2 4N3 1 124 0.6823 
L3 4N3 1 124 0.7161 
L4 4N3 1 124 0.7675 
LM 4N3 1 124 0.6400 
L1 4N4 1 124 0.5752 
L2 4N4 1 124 0.5773 
L3 4N4 1 124 0.7383 
L4 4N4 1 124 0.7758 
LM 4N4 1 124 0.6202 
L1 4N5 1 124 0.5119 
L2 4N5 1 124 0.5913 
L3 4N5 1 124 0.6412 
L4 4N5 1 124 0.6757 
LM 4N5 1 124 0.5833 
L1 4N6 1 124 0.5919 
L2 4N6 1 124 0.4668 
L3 4N6 1 124 0.6468 
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L4 4N6 1 124 0.8253 
LM 4N6 1 124 0.6262 
L1 4N7 1 124 0.6471 
L2 4N7 1 124 0.5830 
L3 4N7 1 124 0.7107 
L4 4N7 1 124 0.8428 
LM 4N7 1 124 0.6503 
L1 4N7R 1 124 0.6726 
L2 4N7R 1 124 0.7435 
L3 4N7R 1 124 0.7198 
L4 4N7R 1 124 0.7607 
LM 4N7R 1 124 0.8094 
L1 4N8 1 124 0.5827 
L2 4N8 1 124 0.4987 
L3 4N8 1 124 0.5252 
L4 4N8 1 124 0.8250 
LM 4N8 1 124 0.6578 
L1 4N1 2 124 0.5710 
L2 4N1 2 124 0.5796 
L3 4N1 2 124 0.5806 
L4 4N1 2 124 0.7053 
LM 4N1 2 124 0.7537 
L1 4N2 2 124 0.7266 
L2 4N2 2 124 0.5119 
L3 4N2 2 124 0.6500 
L4 4N2 2 124 0.8568 
LM 4N2 2 124 0.7647 
L1 4N2R 2 124 0.5204 
L2 4N2R 2 124 0.5071 
L3 4N2R 2 124 0.5721 
L4 4N2R 2 124 0.7251 
LM 4N2R 2 124 0.6350 
L1 4N3 2 124 0.5926 
L2 4N3 2 124 0.4329 
L3 4N3 2 124 0.5713 
L4 4N3 2 124 0.8133 
LM 4N3 2 124 0.5787 
L1 4N4 2 124 0.6623 
L2 4N4 2 124 0.6058 
L3 4N4 2 124 0.7077 
L4 4N4 2 124 0.8402 
LM 4N4 2 124 0.5776 
L1 4N5 2 124 0.7016 
L2 4N5 2 124 0.5101 
L3 4N5 2 124 0.5840 
L4 4N5 2 124 0.7898 
LM 4N5 2 124 0.5761 
L1 4N6 2 124 0.7646 
L2 4N6 2 124 0.5670 
  154 
L3 4N6 2 124 0.6596 
L4 4N6 2 124 0.8128 
LM 4N6 2 124 0.7184 
L1 4N7 2 124 0.7613 
L2 4N7 2 124 0.5478 
L3 4N7 2 124 0.8121 
L4 4N7 2 124 0.7525 
LM 4N7 2 124 0.6930 
L1 4N7R 2 124 0.6392 
L2 4N7R 2 124 0.4483 
L3 4N7R 2 124 0.7616 
L4 4N7R 2 124 0.8011 
LM 4N7R 2 124 0.7769 
L1 4N8 2 124 0.6872 
L2 4N8 2 124 0.6827 
L3 4N8 2 124 0.5810 
L4 4N8 2 124 0.9000 
LM 4N8 2 124 0.5722 
L1 4N1 3 124 0.6067 
L2 4N1 3 124 0.6684 
L3 4N1 3 124 0.6996 
L4 4N1 3 124 0.8011 
LM 4N1 3 124 0.7366 
L1 4N2 3 124 0.8100 
L2 4N2 3 124 0.5384 
L3 4N2 3 124 0.7508 
L4 4N2 3 124 0.8037 
LM 4N2 3 124 0.6727 
L1 4N2R 3 124 0.5376 
L2 4N2R 3 124 0.5852 
L3 4N2R 3 124 0.4136 
L4 4N2R 3 124  
LM 4N2R 3 124 0.6256 
L1 4N3 3 124 0.6588 
L2 4N3 3 124 0.3129 
L3 4N3 3 124 0.5320 
L4 4N3 3 124 0.7939 
LM 4N3 3 124 0.7073 
L1 4N4 3 124 0.6117 
L2 4N4 3 124 0.5201 
L3 4N4 3 124 0.7009 
L4 4N4 3 124 0.8285 
LM 4N4 3 124 0.6018 
L1 4N5 3 124 0.5684 
L2 4N5 3 124 0.5323 
L3 4N5 3 124 0.7125 
L4 4N5 3 124 0.8827 
LM 4N5 3 124 0.5817 
L1 4N6 3 124 0.4941 
  155 
L2 4N6 3 124 0.5987 
L3 4N6 3 124 0.5874 
L4 4N6 3 124 0.7164 
LM 4N6 3 124 0.6202 
L1 4N7 3 124 0.5295 
L2 4N7 3 124 0.5856 
L3 4N7 3 124 0.6620 
L4 4N7 3 124 0.9333 
LM 4N7 3 124 0.8320 
L1 4N7R 3 124 0.7132 
L2 4N7R 3 124 0.7659 
L3 4N7R 3 124 0.6095 
L4 4N7R 3 124 0.7880 
LM 4N7R 3 124 0.7171 
L1 4N8 3 124 0.7889 
L2 4N8 3 124 0.5410 
L3 4N8 3 124 0.6297 
L4 4N8 3 124 0.7700 
LM 4N8 3 124 0.6898 
L1 4N1 4 124 0.6074 
L2 4N1 4 124 0.6545 
L3 4N1 4 124 0.7187 
L4 4N1 4 124 0.7316 
LM 4N1 4 124 0.7316 
L1 4N2 4 124 0.7830 
L2 4N2 4 124 0.7626 
L3 4N2 4 124 0.8450 
L4 4N2 4 124 0.9300 
LM 4N2 4 124 0.7777 
L1 4N2R 4 124 0.5872 
L2 4N2R 4 124 0.6513 
L3 4N2R 4 124 0.6635 
L4 4N2R 4 124 0.7085 
LM 4N2R 4 124 0.7270 
L1 4N3 4 124 0.6005 
L2 4N3 4 124 0.5620 
L3 4N3 4 124 0.5907 
L4 4N3 4 124 0.7694 
LM 4N3 4 124 0.6298 
L1 4N4 4 124 0.6326 
L2 4N4 4 124 0.6640 
L3 4N4 4 124 0.6674 
L4 4N4 4 124 0.7120 
LM 4N4 4 124 0.6596 
L1 4N5 4 124 0.5604 
L2 4N5 4 124 0.5202 
L3 4N5 4 124 0.6653 
L4 4N5 4 124 0.8501 
LM 4N5 4 124 0.6599 
  156 
L1 4N6 4 124 0.6537 
L2 4N6 4 124 0.5310 
L3 4N6 4 124 0.6579 
L4 4N6 4 124 0.7738 
LM 4N6 4 124 0.6415 
L1 4N7 4 124 0.6963 
L2 4N7 4 124 0.5180 
L3 4N7 4 124 0.6602 
L4 4N7 4 124 0.7986 
LM 4N7 4 124 0.6647 
L1 4N7R 4 124 0.6398 
L2 4N7R 4 124 0.8883 
L3 4N7R 4 124 0.5607 
L4 4N7R 4 124 0.7437 
LM 4N7R 4 124 0.6906 
L1 4N8 4 124 0.5397 
L2 4N8 4 124 0.5390 
L3 4N8 4 124 0.5357 
L4 4N8 4 124 0.8509 
LM 4N8 4 124 0.6533 
L1 4N1 1 184 0.5685 
L2 4N1 1 184 0.5651 
L3 4N1 1 184 0.5059 
L4 4N1 1 184 0.7041 
LM 4N1 1 184 0.3345 
L1 4N2 1 184 0.5057 
L2 4N2 1 184 0.4836 
L3 4N2 1 184 0.5136 
L4 4N2 1 184 0.7145 
LM 4N2 1 184 0.6421 
L1 4N2R 1 184 0.4990 
L2 4N2R 1 184 0.4333 
L3 4N2R 1 184 0.6015 
L4 4N2R 1 184 0.8324 
LM 4N2R 1 184 0.6446 
L1 4N3 1 184 0.6614 
L2 4N3 1 184 0.4684 
L3 4N3 1 184 0.6261 
L4 4N3 1 184 0.6920 
LM 4N3 1 184 0.4750 
L1 4N4 1 184 0.4841 
L2 4N4 1 184 0.5951 
L3 4N4 1 184 0.5951 
L4 4N4 1 184 0.7299 
LM 4N4 1 184 0.5012 
L1 4N5 1 184 0.5654 
L2 4N5 1 184 0.3593 
L3 4N5 1 184 0.5599 
L4 4N5 1 184 0.5857 
  157 
LM 4N5 1 184 0.5974 
L1 4N6 1 184 0.4985 
L2 4N6 1 184 0.4509 
L3 4N6 1 184 0.5584 
L4 4N6 1 184 0.6757 
LM 4N6 1 184 0.4778 
L1 4N7 1 184 0.3931 
L2 4N7 1 184 0.4321 
L3 4N7 1 184 0.4537 
L4 4N7 1 184 0.8106 
LM 4N7 1 184 0.5963 
L1 4N7R 1 184 0.5541 
L2 4N7R 1 184 0.6624 
L3 4N7R 1 184 0.7363 
L4 4N7R 1 184 0.5306 
LM 4N7R 1 184 0.6928 
L1 4N8 1 184 0.4704 
L2 4N8 1 184 0.5102 
L3 4N8 1 184 0.4955 
L4 4N8 1 184 0.6513 
LM 4N8 1 184 0.4678 
L1 4N1 2 184 0.5399 
L2 4N1 2 184 0.7565 
L3 4N1 2 184 0.4313 
L4 4N1 2 184 0.9218 
LM 4N1 2 184 0.5509 
L1 4N2 2 184 0.6603 
L2 4N2 2 184 0.4627 
L3 4N2 2 184 0.5211 
L4 4N2 2 184 0.7011 
LM 4N2 2 184 0.5607 
L1 4N2R 2 184 0.5721 
L2 4N2R 2 184 0.3609 
L3 4N2R 2 184 0.3974 
L4 4N2R 2 184 0.4946 
LM 4N2R 2 184 0.6537 
L1 4N3 2 184 0.5887 
L2 4N3 2 184 0.2640 
L3 4N3 2 184 0.6757 
L4 4N3 2 184 0.7270 
LM 4N3 2 184 0.6440 
L1 4N4 2 184 0.4636 
L2 4N4 2 184 0.5027 
L3 4N4 2 184 0.7725 
L4 4N4 2 184 0.7369 
LM 4N4 2 184 0.4879 
L1 4N5 2 184 0.5172 
L2 4N5 2 184 0.4371 
L3 4N5 2 184 0.6106 
  158 
L4 4N5 2 184 0.8591 
LM 4N5 2 184 0.7214 
L1 4N6 2 184 0.4290 
L2 4N6 2 184 0.4072 
L3 4N6 2 184 0.3457 
L4 4N6 2 184 0.7237 
LM 4N6 2 184 0.4694 
L1 4N7 2 184 0.4880 
L2 4N7 2 184 0.0788 
L3 4N7 2 184 0.5732 
L4 4N7 2 184 0.5989 
LM 4N7 2 184 0.4966 
L1 4N7R 2 184 0.6123 
L2 4N7R 2 184 0.2182 
L3 4N7R 2 184 0.6248 
L4 4N7R 2 184 0.6665 
LM 4N7R 2 184 0.5516 
L1 4N8 2 184 0.5172 
L2 4N8 2 184 0.4422 
L3 4N8 2 184 0.6192 
L4 4N8 2 184 0.6731 
LM 4N8 2 184 0.2717 
L1 4N1 3 184 0.5198 
L2 4N1 3 184 0.6221 
L3 4N1 3 184 0.5978 
L4 4N1 3 184 0.7706 
LM 4N1 3 184 0.5721 
L1 4N2 3 184 0.4732 
L2 4N2 3 184 0.4131 
L3 4N2 3 184 0.7109 
L4 4N2 3 184 0.8265 
LM 4N2 3 184 0.5069 
L1 4N2R 3 184 0.5512 
L2 4N2R 3 184 0.5242 
L3 4N2R 3 184 0.6724 
L4 4N2R 3 184 0.5800 
LM 4N2R 3 184 0.4470 
L1 4N3 3 184 0.5123 
L2 4N3 3 184 0.1863 
L3 4N3 3 184 0.5798 
L4 4N3 3 184 0.6433 
LM 4N3 3 184 0.6821 
L1 4N4 3 184 0.5259 
L2 4N4 3 184 0.2691 
L3 4N4 3 184 0.5007 
L4 4N4 3 184 0.6690 
LM 4N4 3 184 0.5140 
L1 4N5 3 184 0.6366 
L2 4N5 3 184 0.3916 
  159 
L3 4N5 3 184 0.7119 
L4 4N5 3 184 0.7485 
LM 4N5 3 184 0.5813 
L1 4N6 3 184 0.6002 
L2 4N6 3 184 0.3473 
L3 4N6 3 184 0.5940 
L4 4N6 3 184 0.6268 
LM 4N6 3 184 0.4898 
L1 4N7 3 184 0.6103 
L2 4N7 3 184 0.2343 
L3 4N7 3 184 0.5937 
L4 4N7 3 184 0.6624 
LM 4N7 3 184 0.5374 
L1 4N7R 3 184 0.5208 
L2 4N7R 3 184 0.3553 
L3 4N7R 3 184 0.5223 
L4 4N7R 3 184 0.6244 
LM 4N7R 3 184 0.4696 
L1 4N8 3 184 0.7483 
L2 4N8 3 184 0.5612 
L3 4N8 3 184 0.5752 
L4 4N8 3 184 0.7402 
LM 4N8 3 184 0.6549 
L1 4N1 4 184  
L2 4N1 4 184 0.5316 
L3 4N1 4 184 0.6589 
L4 4N1 4 184 0.7343 
LM 4N1 4 184 0.6342 
L1 4N2 4 184 0.7512 
L2 4N2 4 184 0.6877 
L3 4N2 4 184 0.7200 
L4 4N2 4 184 0.8500 
LM 4N2 4 184 0.6932 
L1 4N2R 4 184 0.5092 
L2 4N2R 4 184 0.5437 
L3 4N2R 4 184 0.4689 
L4 4N2R 4 184 0.6970 
LM 4N2R 4 184  
L1 4N3 4 184 0.4254 
L2 4N3 4 184 0.3837 
L3 4N3 4 184 0.5539 
L4 4N3 4 184 0.5528 
LM 4N3 4 184 0.5337 
L1 4N4 4 184 0.5538 
L2 4N4 4 184 0.4739 
L3 4N4 4 184 0.6798 
L4 4N4 4 184 0.7498 
LM 4N4 4 184 0.5682 
L1 4N5 4 184 0.5747 
  160 
L2 4N5 4 184 0.5422 
L3 4N5 4 184 0.7833 
L4 4N5 4 184 0.9531 
LM 4N5 4 184 0.6739 
L1 4N6 4 184 0.6140 
L2 4N6 4 184 0.5582 
L3 4N6 4 184 0.5194 
L4 4N6 4 184 0.6039 
LM 4N6 4 184 0.5968 
L1 4N7 4 184 0.6963 
L2 4N7 4 184 0.6758 
L3 4N7 4 184 0.6462 
L4 4N7 4 184 0.7362 
LM 4N7 4 184 0.5829 
L1 4N7R 4 184 0.7378 
L2 4N7R 4 184 0.5676 
L3 4N7R 4 184 0.6753 
L4 4N7R 4 184 0.7776 
LM 4N7R 4 184 0.5982 
L1 4N8 4 184 0.8233 
L2 4N8 4 184 0.5846 
L3 4N8 4 184 0.6983 
L4 4N8 4 184 0.7299 
LM 4N8 4 184 0.7146 
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APPENDIX VI - CHAPTER IV K VALUES 
 
Rates of litter mass loss, k (g d-1d-1). Litter Type is either Acer saccharum (L1), Acer 
rubrum (L2), Quercus rubra (L3), Betula papyrifera (L4) or a mixture of the four 
species (LM). Refer to Appendix I for community codes. 
 
 
Litter Type Community Block K 
L1 4N1 1 0.0028 
L1 4N2 1 0.0027 
L1 4N2R 1 0.0034 
L1 4N3 1 0.0022 
L1 4N4 1 0.0033 
L1 4N5 1 0.0030 
L1 4N6 1 0.0032 
L1 4N7 1 0.0038 
L1 4N7R 1 0.0026 
L1 4N8 1 0.0034 
L1 4N1 2 0.0030 
L1 4N2 2 0.0020 
L1 4N2R 2 0.0030 
L1 4N3 2 0.0027 
L1 4N4 2 0.0033 
L1 4N5 2 0.0029 
L1 4N6 2 0.0032 
L1 4N7 2 0.0029 
L1 4N7R 2 0.0025 
L1 4N8 2 0.0028 
L1 4N1 3 0.0030 
L1 4N2 3 0.0028 
L1 4N2R 3 0.0030 
L1 4N3 3 0.0029 
L1 4N4 3 0.0029 
L1 4N5 3 0.0026 
L1 4N6 3 0.0030 
L1 4N7 3 0.0027 
L1 4N7R 3 0.0028 
L1 4N8 3 0.0015 
L1 4N1 4 0.0029 
L1 4N2 4 0.0015 
L1 4N2R 4 0.0031 
L1 4N3 4 0.0037 
L1 4N4 4 0.0027 
L1 4N5 4 0.0028 
L1 4N6 4 0.0024 
L1 4N7 4 0.0019 
L1 4N7R 4 0.0019 
  163 
L1 4N8 4 0.0019 
L2 4N1 1 0.0027 
L2 4N2 1 0.0030 
L2 4N2R 1 0.0037 
L2 4N3 1 0.0031 
L2 4N4 1 0.0027 
L2 4N5 1 0.0042 
L2 4N6 1 0.0039 
L2 4N7 1 0.0037 
L2 4N7R 1 0.0020 
L2 4N8 1 0.0034 
L2 4N1 2 0.0020 
L2 4N2 2 0.0038 
L2 4N2R 2 0.0045 
L2 4N3 2 0.0057 
L2 4N4 2 0.0032 
L2 4N5 2 0.0040 
L2 4N6 2 0.0039 
L2 4N7 2 0.0034 
L2 4N7R 2 0.0062 
L2 4N8 2 0.0034 
L2 4N1 3 0.0023 
L2 4N2 3 0.0039 
L2 4N2R 3 0.0031 
L2 4N3 3 0.0072 
L2 4N4 3 0.0053 
L2 4N5 3 0.0042 
L2 4N6 3 0.0043 
L2 4N7 3 0.0055 
L2 4N7R 3 0.0038 
L2 4N8 3 0.0030 
L2 4N1 4 0.0029 
L2 4N2 4 0.0018 
L2 4N2R 4 0.0027 
L2 4N3 4 0.0041 
L2 4N4 4 0.0032 
L2 4N5 4 0.0031 
L2 4N6 4 0.0030 
L2 4N7 4 0.0025 
L2 4N7R 4 0.0021 
L2 4N8 4 0.0029 
L3 4N1 1 0.0029 
L3 4N2 1 0.0026 
L3 4N2R 1 0.0026 
L3 4N3 1 0.0022 
L3 4N4 1 0.0023 
L3 4N5 1 0.0028 
L3 4N6 1 0.0027 
L3 4N7 1 0.0032 
  164 
L3 4N7R 1 0.0017 
L3 4N8 1 0.0034 
L3 4N1 2 0.0037 
L3 4N2 2 0.0030 
L3 4N2R 2 0.0039 
L3 4N3 2 0.0023 
L3 4N4 2 0.0016 
L3 4N5 2 0.0027 
L3 4N6 2 0.0041 
L3 4N7 2 0.0022 
L3 4N7R 2 0.0021 
L3 4N8 2 0.0026 
L3 4N1 3 0.0024 
L3 4N2 3 0.0017 
L3 4N2R 3 0.0029 
L3 4N3 3 0.0029 
L3 4N4 3 0.0030 
L3 4N5 3 0.0018 
L3 4N6 3 0.0027 
L3 4N7 3 0.0025 
L3 4N7R 3 0.0030 
L3 4N8 3 0.0026 
L3 4N1 4 0.0020 
L3 4N2 4 0.0015 
L3 4N2R 4 0.0031 
L3 4N3 4 0.0029 
L3 4N4 4 0.0021 
L3 4N5 4 0.0016 
L3 4N6 4 0.0029 
L3 4N7 4 0.0022 
L3 4N7R 4 0.0025 
L3 4N8 4 0.0024 
L4 4N1 1 0.0018 
L4 4N2 1 0.0012 
L4 4N2R 1 0.0015 
L4 4N3 1 0.0018 
L4 4N4 1 0.0016 
L4 4N5 1 0.0025 
L4 4N6 1 0.0017 
L4 4N7 1 0.0012 
L4 4N7R 1 0.0026 
L4 4N8 1 0.0018 
L4 4N1 2 0.0011 
L4 4N2 2 0.0016 
L4 4N2R 2 0.0029 
L4 4N3 2 0.0015 
L4 4N4 2 0.0014 
L4 4N5 2 0.0011 
L4 4N6 2 0.0016 
  165 
L4 4N7 2 0.0023 
L4 4N7R 2 0.0018 
L4 4N8 2 0.0016 
L4 4N1 3 0.0014 
L4 4N2 3 0.0012 
L4 4N2R 3 0.0025 
L4 4N3 3 0.0019 
L4 4N4 3 0.0018 
L4 4N5 3 0.0013 
L4 4N6 3 0.0022 
L4 4N7 3 0.0016 
L4 4N7R 3 0.0021 
L4 4N8 3 0.0016 
L4 4N1 4 0.0017 
L4 4N2 4 0.0008 
L4 4N2R 4 0.0019 
L4 4N3 4 0.0025 
L4 4N4 4 0.0017 
L4 4N5 4 0.0006 
L4 4N6 4 0.0022 
L4 4N7 4 0.0015 
L4 4N7R 4 0.0015 
L4 4N8 4 0.0014 
LM 4N1 1 0.0042 
LM 4N2 1 0.0022 
LM 4N2R 1 0.0024 
LM 4N3 1 0.0032 
LM 4N4 1 0.0031 
LM 4N5 1 0.0027 
LM 4N6 1 0.0032 
LM 4N7 1 0.0025 
LM 4N7R 1 0.0017 
LM 4N8 1 0.0032 
LM 4N1 2 0.0025 
LM 4N2 2 0.0025 
LM 4N2R 2 0.0023 
LM 4N3 2 0.0024 
LM 4N4 2 0.0034 
LM 4N5 2 0.0022 
LM 4N6 2 0.0031 
LM 4N7 2 0.0030 
LM 4N7R 2 0.0025 
LM 4N8 2 0.0025 
LM 4N1 3 0.0024 
LM 4N2 3 0.0030 
LM 4N2R 3 0.0034 
LM 4N3 3 0.0019 
LM 4N4 3 0.0031 
LM 4N5 3 0.0027 
  166 
LM 4N6 3 0.0032 
LM 4N7 3 0.0024 
LM 4N7R 3 0.0031 
LM 4N8 3 0.0021 
LM 4N1 4 0.0021 
LM 4N2 4 0.0018 
LM 4N2R 4 0.0023 
LM 4N3 4 0.0029 
LM 4N4 4 0.0026 
LM 4N5 4 0.0021 
LM 4N6 4 0.0025 
LM 4N7 4 0.0025 
LM 4N7R 4 0.0024 
LM 4N8 4 0.0020 
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